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Rale 132 Qeclaration of Shanker Gup ja 

1 . 1, Shanker Gupta, do hereby declare and say as follows: 

2. I am employed as a pharmacist in the Pharmaceutical Resources Branch of the National 
Cancer Institute of the National Institutes of Health. My education is set forth below: 
Date Degree Institute and Location Field of Study 

1 976 B.S University of Florida Pharmacy (Honors) 

1982 Ph.D. University of Michigan Physical Pharmacy & 

PhBTTnaccutical Chemistry 

My professional experience is set forth below: 

• June IQPS'-Present: Pharmacist, Pharmaceutical Resources Branch, 
Division of Cancer Treatment, National Cancer Institute, National 
Institutes of Health, 

• October 1993 June 1995: Expert, Clinical Center Phamacy Department, 
National Institutes of Health, Bethesda, Maryland. 

• Januaa7 1987-October 1 993: Senior Research Scientist (1987-1988), 
Research Investigator (1988-1993), PPD Liquid Products Development, 
Abbott Laboratories. 
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• April I9S4-December 1986: Research Scinittst, Phatmaceutical 
Development, Liquid Products, Travenol Uboratories, Inc. (Baxter 
Healthcare Corp.), Morton Grove, IJUnois. 

• 1982-1984: Research investigator, Phaimaceuticai Tedinology, Sterile, 
Semi-solids, and Liquids Sections, E.R. Squibb & Sons, New Brunswick, 
New Jersey. 

• 1979-1982: Community Pharmacist, Maple Village Pharmacy, Ann 
Aibor, Michigan. 

Some of my honors and awards are as set forth below: 

• PHI KAPPA PHI 

• RHO LAMBDA UPSILON (Chemistry Honor Society) 

• RHO CHI (Phannacy Honor Society) 

• Who's Who Among Students in American Universities and Colleges, 
1975-1976 

My research interests are as follows: 

• Surfactant chemistry in pharmaceutical formulations 

• Use of parenteral eontlsions as drug carrier systems 

• Aqueous soltjtion kinetics 
Some of my publications are as follows: 

• V. K. Sarin, S. Gupta, K. Leung, V. Taylor, B.L. Ohning, J. A. Whitsett, 
and L. J. Fox. "Biophysical and Biological Activity of a Synthetic 8.7 kSa 
tfydrophobic Puhnonaiy Surfactant Protein SP-B." Proc. Nat Acad. Sei 

87: 2633-2637, 1990. ^ ^* 

• Steven L. Kriil and Shanker L. Gupta. "Effect of a Bovine Lung 
Surfectant Isolate (SP-B/C) on Egg Phophatidylgycerol Acyl Chain Order 
m a Lipid Mixture with Dipalmitoylphosphadidylcholine and Pahnittc 
Acid." J.Pharm.Sci..83^ 539-541,1994. 

• Steven L Kriil, Shanker L. Gupta, and Tricia Smith. "Polraonary Lung 
Surfactant Syndetic Peptide Concentration Dependent Modulation of 
DPPC and POPG Acyl Chain Order in a DPPC:POPG J'almitic Acid Lipid 
Mixture." Chem. Phvs. LioMs. 71 : 47-59 (1 994). 
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♦ Sharker L. Gupta, Jitejndra P. Patel, David L Jones, and Raymond W. 
Partipilo. "Preclinical Development and Characterization of an 
Intravenous Dosage Fonn for the Renin Inhibitor Abbott-72517 " J 
Parenter. Scl. Teehnftl 4«- »<;.oi, iqoa 

Ex. 1, Cumculum Vitae of Shanker L. Gupta. 

3. I am a co-inventor on die above-captioned patent application and have read the comments 
of the Examiner thereon. 

4. It is my iraderstandiag that the Bxaniner has rejected claims 11-41 because the 
specificaUon only discloses non-ionic egg phospholipids, which the Exammer maintains 
are non-enabled because the prior art indicates that e^ phospholipids are ionic 
suTj(actants. 

5. However, the biochennistry of egg phospholipids shows that it is known ffar one in the 
field of phannaceutical fbrnmlation chemistry to use egg phospholipids as non-ionic 
surfactants, and to undeiretaiidihat'wntrary to vwiat the Examiner asserts, egg 
phospholipids can be used as non-ionic surfectants. 

6. Some of the confusion regtudmg the use of egg phospholipids as non^onlc suifiwtants 
arises because a phospholipid can be an ionic sutfectant under some conditions* but can 
also be non-ionic under other conditions. TWa is because the phospholipid's net charge 
depends on pH. See Ex. 2. Mustafe Grit and Daan J. A. Crommelm. "Chemical StabiBty 
of Liposomes: Implicationa for Tlteir Physical StabiUty." Chem. Phy -.^ T.ip/t|», tuL- i-ig 
1993. 

7. The egg phospholipids described in the above-captioned application were non^onlc 
because they were utilized as neutral molecules at physiological pH. 

8. For example, one common commerdaJly available egg phospholipid is Lipoid E 80. See 
Ex. 3, U.S. Patent No. 6,228^99 at 3:14-1 6. It is known that Lipoid E 80 eontams 
approximately 82% egg phosphati^lcholine (PC) and 8% egg phosphatidylcthanolamine 
(PE). Both are neutral at physiological pH by virtue of the feet that they possess a 
quaternary ammonium group, which is positively charged, and a negative charge on the 
phosphate group snch that it will be negatively charged at a pH of about 3.5 or greater. 
&eEx»2atp.8. 
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9, Egg phosphDiipids have been utilized by others in the field of phaimaccutical formulation 
chemistry and referred to as a nonionic surfactant. See Ex. 4, Timothy J. Young, Keith 
P. Johnston. Gary W. Pace, and Awadhesh K- Mishra. "Phospholipid-Stabilized 
Nanopartides of Cyclosporine A by Rajnd Expansion from Supercritical to Aqueous 
Solution." A^SPhamSciTech, 5 (I) Article 1 1 fh.ttP://www,aapharmscitech.QrgV 2003 
(describing solution as including nonionic surfactants (p. 1) and listing Lipoid E80 ^ one 
of the surfactants used (p. 5)). 

10- Because (a) egg phospholipids are common materials; (b) the constituents of egg 
phospholipids are known to contain a quaternary ammonium group; (c) such 
phospholipids containing a quaternary ammonium group are neutral at physiological pH; 
and (d) because other skilled persons in the field have de3cribed egg phospholipids as 
nonionic surfactants, persons skilled in the art would easily be able to practice my 
inv^tion utilizing egg phospholipids as nonioiric surfactants. 

1 L All of the stat^ents made above of the undersigned declarant's own knowledge are true 
and all statements made on information and belief are believed to be true. The 
undersigned acknowledges that any willful false statements and the like made herein are 
punishable by fine or imprisonment, or both (J 8 U.S.C. §1001), and may jeopardize the 
validity of the above-referenced applicah'on or any patent issuing thereof 

Shanker Gupta ' v 



Enclosures: 

Ex. 1, Curriculum Vitae of Shanker L Guptas 

?%^u'^'S'^*.^!.^4.P^^'A.CroinmeIin. "Chemical Stability of Uposomes: Implications 
for Their Physical Stability." Chem. Phvs. T.iniHs. 64: 348. 1993 • V"«iuons 
Ex. 3, U.S. Patent No. 6;228,399 at 3:14-16; 

Ex. 4, Timotliy J. Young. KdthP. Johnston, Gary W. Pace, and Awadhesh K. Mishra. 
Phospholipid-Stabilized Nanoparticles of Cyclosporine A by Rapid Expansion from 
SijercnticaltoAquedus Solution." AAPS PhaimSciTech. 5 m ArtiH. 1 1 
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SHANKER L. GUPTA 

14620 Pommel Drive 
Rockville, MD 20850 
Home: (301)424-1425 
Office: (301)435-9189 



EDUCATION 

University of Florida 

B.S. Pharmacy (Honors), 1976 

University of Michigan 

Ph.D., Physical Pharmacy & Pharmaceutical Chemistry, 1982 
Major Professor: Dr. William I. Higuchi 

Thesis Title: "Mechanistic Study of Cholesterol Monohydrate Dissolution in 
Aqueous Micellar Surfactant and Sodium Chenodeoxycholate 
Solutions" 



HONORS 

Who's Who Among Students in American Universities & Colleges, 1975-1976 

RHO CHI (Pharmacy Honor Society) 

RHO LAMBDA UPSILON (Chemistry Honor Society) 

PHI KAPPA PHI 



PROFESSIONAL EXPERIENCE 



National Institutes of Health 

Pharmaceutical Resources Branch 

Division of Cancer Treatment 

National Cancer Institute 

Pharmacist 

June, 1995 - Present 



Responsibilities 



• Manage and coordinate contracts for therapeutic dosage form development 

and production of anti-neoplastic compounds. 

• Collaborate v^ith R&D Contractor in the strategic development of dosage 

forms for sparingly soluble cytotoxic agents. 

• Schedule laboratory studies and production schedule based on the Division 

priorities at the R & D Contractors site. 




• Manufacture/schedule clinical batches per cGMPs based on Division 

priorities. 

• File CMC section of Investigational New Drug Applications with Regulatory 

Affairs Branch for submission to FDA. 

• Schedule/set up/monitor clinical product shelf life. 

Interface with other intramural laboratories and extramural branches for 
timely conductance of research projects. 

• Interface with the Biological Resources Branch in the development and 

production of biological drugs. 



Research Activities & Accomplishments 



• Preformulation and formulation development of several peptides leading to 

stable dosage form - ras (cys), gp 100 peptides, MART-1, CAP-1-6D. 

• Stable dosage form for several cytotoxic agents - NSC 67641 8, Pc4; NSC 

681239D, peptidic boronic acid. 

• IND submission. 

1 patent, 1 book chapter, 1 publication, 8 presentations. 



Clinical Center Pharmacy Department 

Expert 

October, 1993 - June, 1995 
Responsibilities 



• Assist in a review, audit, qualification and validation of equipment, 

processing systems, and management of Pharmaceutical Development 
Section's new sterile products pilot scale production facility for biotech 
products so that the facility conforms to and meets with FDA approval as a 
current Good Manufacturing Practice (cGMP) site. 

• Review the facility from a viewpoint of manufacturing biotech related 

products such as monoclonal antibodies, vaccines, recombinant protein 
products to insure that the facility meets FDA regulations governing 
biotech pilot scale facilities. 

• Serve as an advisor to the Department in the areas of formulation, processes 

and equipment pertaining to biotech products. 



Research Activities 



• Conducted preformulation, formulation development, and manufacture of ras 

peptides clinical product to be used as vaccines. 

• Mentor to the Pharmacy Practice resident in a study on the conformation 

stability of interleukin-2 (IL-2) in the presence of secondary drugs 
commonly used at the Clinical Center. The compatibility studies of 
protein drugs require examination of their secondary structure using 
biochemical techniques such as circular dichroism(CD). CD v/as 
successful used to assess the conformation stability of IL-2. 

• Characterization and formulation development of Malaria Vaccine. The bulk 

antigen was recombinantly produced. We studied its stability, and 
secondary structure. This was accomplished through the use of circular 
dichroism, total protein assay and HPLC. 



Abbott Laboratories 

PPD Liquid Products Development 

January, 1987 - October, 1993 



Research Investigator 
1988-1993 



Responsibilities 



• Performed formulation development studies for a natural pulmonary 

surfactant resulting in a marketed product. 

• Studied role of synthetic surfactant proteins in various formulation matrices 

leading to two patents. 

• Preformulation and formulation development studies for two new chemical 

entities including a lyophilized product for Phase I clinical trials. 

• Managed a team of four associate scientists. 

• Project leader for the pulmonary surfactant project. 

• Interfaced with QA, QC, Manufacturing during Development and for the 

Product Launch across four major divisions of Abbott Laboratories. 

• Provided NDA, IND reports to Drug Regulatory Affairs Department. 



• Pre-clinical and clinical development support to the Discovery Scientists. 



Research Activities 

• Collaborated with discovery scientists to identify bioactive fragments of 

pulmonary surfactant protein B based on SAR studies and surfactant 
protein C conjugate. 

• Studied pulmonary surfactant protein-lipid interactions using biophysical 

techniques. 

• Studied alternate methods of formulation for sparingly soluble compounds. 

• Conducted experiments to predict irritation at the site of injection. 

• Published several intemal reports on preformulation, formulation 

development. 

• Published several journal articles and made presentations at National 

Professional Meetings. 

• Reviewer for a national pharmaceutical journal. 



PPD Liquid Products Development 
Senior Research Scientist 
1987 - 1988 

Responsibilities 



Initiated product development effort for both synthetic as well as natural lung 
surfactant. 

Promoted to Research Investigator position. 



Chemistry and Physics of Lipids, 64 (1993) 3-18 
Elsevier Scientific Publishers Ireland Ltd. 
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Chemical stability of liposomes: implications for their physical 

stability 

Mustafa Grit* and Daan J.A. Crommelin 

Department of Pharmaceutics, faculty of Pharmacy, University of Utrecht P.O. Box 80082, 3508 TB Utrecht (The /Netherlands ) 

(Received July 28th, 1992; accepted October 9th, 1992) 

In the first part of this article, chemical and physical stability of aqueous liposome dispersions have been addressed. Chemical 
stability of phospholipids has been considered in two parts: oxidation and hydrolysis. Major attention has been paid to hydrolysis 
kinetics of phospholipids as a function of pH, temperature, buffer concentration and ionic strength. Furthermore, the effect of chain 
length, head group, state of aggregation, addition of cholesterol and presence of charge on the hydrolysis kinetics of phospholipids 
has been dealth with. In the second part physical stability of chemically degraded liposome dispersions has been evaluated. In the 
final part quality control assays for liposome dispersions is presented and a HPLC method with a refractive index detector for the 
analysis of phospholipids from aqueous liposome dispersions is described. 

Key words: liposomes; phospholipids; oxidation; hydrolysis; physical stabibility; quality contro; HPLC analysis of phospholipids 



Introduction 

In the last two decades, it has been demon- 
strated that encapsulation of drugs into liposomes 
can lead to the enhancement of therapeutic 
efficacy of drugs, reduction of their toxicity and 
prolongation of their therapeutic effect. In addi- 
tion, studies have been performed on the use of 
liposome-based vaccines. Recently, a liposome 
formulation containing the antifungal agent am- 
photericin has been approved by regulatory au- 
thorities and is presently used in the clinic. From 
a pharmaceutical point of view, drugs and dosage 
forms must be sufficiently stable to be stored for 
at least 1 year and preferably longer periods of 
time. Liposomal drug formulations have to comp- 
ly with this rule. 

In this article liposomal stability issues are 
addressed. The chemical stability of phospholipids 



Correspondence to: D.J. A. Crommelin, Department of Phar- 
maceutics, Faculty of Phannacy. University of Utrecht P.O. 
Box 80082, 3508 TB Utrecht, The Netherlands. 
^Present address: KA Corporation. Institute for Fundamental 
Research, 2606 Akabane, Ichikai-machi, Hoga-gun, Tochigi 
321-34, Japan. 



is dealt with first. The main focus is on phospha- 
tidylcholine as it is most commonly used in phar- 
maceutical liposome preparations. The physical 
stability of liposome dispersions and the relation- 
ship between physical and chemical stability of li- 
posomes are the subjects of interest in the second 
part. Finally, attention is paid to quality control 
aspects of liposome dispersions. 

Chemical stabOity of phospholipids 

Liposome-forming phospholipids are obtained 
from natural sources or through synthetic routes. 
Natural phospholipids are not easy to characterise 
in terms of their exact phospholipid composition. 
In contrast, synthetic phospholipids can be well 
characterised and can be obtained in a highly 
purified form. The chemical structure of a number 
of phospholipids regularly used for liposome 
preparations is shown in Fig. 1. 

Two degradation pathways, which might limit 
the shelf life of liposome dispersions, have been 
described for phospholipids in (aqueous) liposome 
dispersions. These are the oxidative and the hydro- 
lytic degradation pathways. 



OOO9-3084/93/$06.0O © 1993 Elsevier Scientific Publishers Ireland Ltd. 
Printed and Published in Ireland 
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o- CH,— CH,— N*(CH,), Phosphatidylcholine (PC) 
o-CH,— CH,— NH^ Phosphatidylethanolamine (PE) 
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Fig. 1. Structure of a number of phospholipids regularly used in liposomes [5]. 



Oxidation of phospholipids 

Oxidation of phospliolipids, particulariy those 
with unsaturated fatty acyl chains, has obtained 
considerable attention throughout the years and 
was extensively reviewed [1-4]. Oxidation of 
phospholipids in liposomes mainly takes place in 
unsaturated fatty acyl chain-carrying phospho- 
lipids. But, saturated fatty acids can also be oxi- 
dized at high temperatures [1]. The fatty acyl 
chains of phospholipid molecules are oxidized via 
a free radical chain mechanism in the absence of 
' specific oxidants. Exposure to electromagnetic ra- 
diation and/or the presence of trace amounts of 
transition metal ions initiate radical formation 
(hydrogen atom abstraction) in the lipid chain (ini- 
tial step). Since unsaturation permits delocaliza- 
tion of the remaining unpaired electron along the 
lipid chain, lipids containing polyunsaturated fatty 
acids are the most sensitive to radical formation. If 
oxygen is present, the process develops further and 
via the formation of hydroperoxides fission of the 
fatty acid chain can occur [5]. 

Peroxidation of phospholipids in liposomes can 
be minimised by the use of high quality raw mate- 



rials which are purified from hydroperoxides and 
transition metal ions. Storage at low temperatures, 
protection from light and oxygen will 
exclude the chance of oxidation. To further 
enhance protection against oxidation, antioxi- 
dants, such as a-tocopherol and butyl hydroxy tol- 
uene (BHT) can be added. Moreover, EDTA can 
be used to form a complex with transition metal 
ions. Working under an inert gas atmosphere such 
as nitrogen or argon reduces the oxidation of lip- 
ids during preparation of liposomes. Recently, a 
protective effect of buffers such as HEPES and 
Tris against lipid peroxidation has been reported 
by Fiorentini et al. [6]. Oxidation of phospholipids 
can also be overcome by using less unsaturated 
fatty acyl chain-containing phospholipids. Lang et 
al. [7] investigated the sensitivity of a series of 
(partially hydrogenated) egg phosphatidylcholine 
(PHEPC) molecules against accelerated oxidation 
in the presence of 2,2'-azobis-(2-amidinopro- 
pane)hydrochloride (AAPH). They observed a 
decreased sensitivity of (PH)EPC with a decreas- 
ing degree of unsaturation (Fig. 2). The use of par- 
tially hydrogenated phospholipids might be 
preferred over natural phospholipids, since up to 



a certain hydrogenation level partially hydro- 
genated lipids in aqueous dispersions do not show 
a phase transition above O^C that physically 
disturbs the bilayer structure while the sensitivity 
to oxidation decreases substantially [7]. 

Hydrolysis of phospholipids in aqueous liposome 
dispersions 

Hydrolysis products and reaction scheme 

The four ester bonds present in a phospholipid 
molecule may be subject to hydrolysis in water 
(Figs. 1 and 3). The carboxy esters at snA and sn-2 
positions are hydrolysed faster than the phosphate 
esters [8]. Hydrolysis of esters is catalysed in the 
presence of acid and base. In the acid-catalysed 
hydrolysis of esters, the ester is first protonated 
and subsequently a nucleophilic attack of water 
takes place (rate determining step). The base- 
catalysed hydrolysis of an ester proceeds via an 
addition-elimination mechanism. Here, the rate 
determining step is the attack of hydroxide ions on 
the carbonyl carbon atom first. In both cases, fast 
addition-elimination reactions follow the rate 
determining steps [8]. This process can take place 
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Fig. 2. Oxygen uptake of liposomes prepared from a series of 
(partially hydrogenated) egg PC molecules during AAPH- 
stimulated oxidation in small unilamellar vesicles (SUV). Plot 
shows oxygen uptake in dispersions of SUV in closed stirred 
vessels at room temperature as measured by an oxygen elec- 
trode. AAPH was added at time 0. Iodine values (IV), which 
are a measure of the degree of unsaturation. are given in the 
plot. Data from Ref. 7. 



if the esters are hydrated. In a phospholipid bi- 
layer in an aqueous medium the position of the hy- 
drophobic/hydrophilic boundary is, on the 
average, positioned at the level of the first CH2 
group in the hydrocarbon chains [9], These con- 
siderations are based on calculations of the dimen- 
sions of the hydrophilic and hydrophobic parts of 
PC and PE bilayers as derived from X-ray long 
spacing data This finding indicates that water and 
consequently, proton and hydroxide ions have ac- 
cess to all ester bonds. 

2-Acyl and 1-acyl lysophospholipids are formed 
as a result of hydrolysis of the carboxy esters at the 
sn-l and sn-l positions, respectively. Further 
hydrolysis of both lysophospholipids produces a 
glycerophospho compound. Glycerophosphoric 
acid, the end hydrolysis product, is produced by 
hydrolysis of the phosphate-headgroup (e.g. cho- 
line, ethanolamine, serine) ester. The hydrolysis of 
the ester bond between glycerol and phosphoric 
acid appears to be very slow and, therefore, no free 
phosphoric acid and glycerol are produced under 
pharmaceuticaliy relevant conditions [10,11]. In 
Fig. 3, hydrolysis and acyl migration reactions 
which can take place in phospholipids in aqueous 
liposome dispersions are summarised; PC is taken 
as an example. 

Under both acidic and alkaline conditions 
hydrolysis of PC in aqueous liposome dispersions 
follows pseudo first-order kinetics [12-16]. Upon 
analysis the major initial hydrolysis product is 
1-acyl lysophosphatidylcholine (LPC) (erroneous- 
ly often called 2-LPC) [12,13,15-17]. If the hyd- 
rolysis reactions are not monitored in detail for 
both positions, the overall results obtained give 
the impression that hydrolysis mainly takes place 
at the sn-l position. However, hydrolysis takes 
place at both positions. 2-Acyl lysophospholipids 
are rapidly converted to I -acyl lysophospholipids 
via an acyl migration reaction. 1-Acyl lysophos- 
pholipids are the most stable form of the two 
isomeric lysophospholipids [18]. Acyl migration 
reactions are pH-dependent and a minimum rate 
of acyl migration can be found around pH 
4.0-5.0; acyl migration reactions tend to be 
catalysed by buffer species. 

Kensil and Dennis determined the hydrolysis 
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Fig. 3. Hydrolysis reactions of PC in aqueous liposome dispersions. R' and R" are acyl chains. 



rate constants at the sn-l and sn-l positions of 
dipalmitoyl phosphatidylcholine (DPPC) with 
labelled preferentially in the sn-l fatly acid chain 
in a liposome dispersion and in Triton X-IOO/PC 
mixed micelles at a molar ratio of 4/1 at 40 and 
50°C and at the rather exotic pH 12.7 by determin- 



ation of the radioactivity of the formed LPC 112). 
They found equal hydrolysis rates at both posi- 
tions over the first half-life of the hydrolysis pro- 
cess. The hydrolysis of l-palmitoyl-2-oIeoyl-phos- 
phatidylcholine (POPC) under extreme acid condi- 
tions (pH 1.0) was studied by Ho et al. [19]. The 



formation of palmitic and oleic acid from the sn-\ 
and sn-2 positions, respectively, was followed in 
time. No significant differences were found be- 
tween the concentrations of oleic and palmitic acid 
in time over the first part of the hydrolysis process. 
Similar results were found in a study where the 
hydrolysis kinetics of saturated soybean PC were 
investigated [15]. 

The reaction time course of the hydrolysis of 
saturated soybean PC in 0.05 M acetate buffer (pH 
4.0) at TO^'C is presented in Fig. 4. The concentra- 
tion patterns of PC, free fatty acids, the two 
lysophosphatidylcholines and glycerophospho- 
cholme as a function of time are plotted, providing 
a detailed picture of the hydrolysis process. The 
formation of lysophospholipids is often taken as a 
measure for hydrolysis of phospholipids in lipo- 
some dispersions in studies on the chemical stabili- 
ty of phospholipids [13,20,21]. As shown clearly in 
Figs. 3 and 4, lysophosphatidylcholines are inter- 
mediate hydrolysis products. Hydrolysis kinetics 
of phospholipids, therefore, cannot be monitored 
by following the lysophospholipid concentration 
in liposome dispersions. The conversion rate of 
lysophospholipids to their glycerophospho analog 
is not exactly known yet. In some studies it was 
reported to be faster than that of the hydrolysis of 
phospholipids to lysophospholipids [12,19]. 
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Fig. 4. Disappearance of saturated soybean PC and the ap- 
pearance of hydrolysis products of PC in pH 4.0 acetate buffer 
(C = 0.05 M) at 70**C. Data from Ref. 15. /j = 12; bars indicate 
standard errors. O, Phosphatidylcholine (PQ; 2-acyl-lyso- 
phosphatidylcholine (sn-2 LPC); Q, l-acyl-lysophosphatidyl- 
choline (snA LPC); glycerophosphocholine (GPC); A, free 
fatty acids. 



The effect of pH 

Detailed studies on the effect of pH on the 
hydrolysis of saturated soybean PC in a pH range 
from 4.0-9,0 at 40**C and 70*'C were published by 
Grit et al.[15]. As shown in Fig. 5 the hydrolysis 
rate of saturated soybean PC reached a minimum 
at pH 6.5 and V-shaped pH profiles were obtained 
as expected for an acid/base-catalysed ester hyd- 
rolysis. Similar results were reported for the 
hydrolysis of distearoyl phosphatidylcholine 
(DSPC), natural soybean PC and partially hydro- 
genated egg PC [13,14,16]. 

The effect of temperature 

The effect of temperature on the hydrolysis of 
phospholipids has been studied with synthetic 
and/or natural PC. For all PC's the results could 
be described by Arrhenius kinetics as a semi- 
logarithmic linear relationship was found between 
the observed hydrolysis rate constant and the 
reciprocal of the absolute temperature. For natu- 
ral PC's Arrhenius kinetics held in a temperature 
range from room temperature up to 82°C [14,16]. 
However, for phospholipids composed of satur- 
ated fatty acids and with a liquid to gel crystalline 
phase transition due to melting of the fatty acyl 
chains, biphasic Arrhenius curves were obtained 
with a discontinuity around the transition temper- 
ature [12,13,15]. Arrhenius plots for the hydrolysis 
of saturated soybean PC and partially hydro- 
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Fig. 5. The effect of pH on the hydrolysis of saturated soybean 
PC at 40°C (•) and 70*C (O). Buffer concentration = 0.05 M. 
Data from Ref. 15. 



genated egg PC are presented in Fig. 6, Fr0kjaer 
found a higher activation energy in DSPC lipo- 
somes for pH 6.5 for bilayers in the gel state than 
in the liquid crystalline state [13]. No information 
was given about the confidence intervals for the 
published data. The difference between the two ac- 
tivation energies may not be statistically signifi- 
cant, when the standard errors for the observed 
hydrolysis rate constants are taken into account. 
With DPPC liposomes Kensil and Dennis found 
the same activation energy in bilayers in both the 
gel and the liquid crystalline phase at pH 12.7 [12]. 
Furthermore, the jump in the observed rate con- 
stants was less pronounced for the DPPC lipo- 
somes than for the DSPC liposomes. For saturated 
soybean PC, the activation energies below and 
above the transition temperature were found to be 
similar if the (expected) standard deviations are 
taken into account [15]. 

The effect of ionic strength 

The effect of ionic strength on the hydrolysis ki- 
netics of partially hydrogenated egg PC was 
studied at pH 4.5, 6.5 and 8.0 at 70°C [16]. No 
effect of the ionic strength on the hydrolysis kinet- 
ics was observed. Theoretically, the ionic strength 
affects the reaction kinetics only if the reaction 
takes place between two charged species. As PC 
has no net charge at the studied pH values, no 
ionic strength effect on the hydrolysis kinetics was 
expected and the results confirmed this prediction. 



10-5 




10-^-1-^ — ' 1 — -« ' « ' 

2.7 2.9 3.1 3.3 

ITT X 10-^ 

Fig. 6. The effect of temperature on the hydrolysis of saturated 
soybean PC (O) and partially hydrogenated egg PC (•)in pH 
4.0 acetate buffer (C = 0.05 M). Data from Refs. 15 and 16. 



The effect of buffer species 

The effect of buffer species on the hydrolysis 
process has recently been studied for the first time 
in different buffer solutions for natural soybean 
PC, saturated soybean PC and partially hydro- 
genated egg PC [14-16]. The formation of fatty 
acids upon the hydrolysis of fatty acyl esters tends 
to change the pH during storage. In order to be 
able to obtain iso-pH hydrolysis rate constants, 
the pH of the dispersions must be kept constant 
over the experimental period by using appropriate 
buffer solutions. Then, the possible catalytic effect 
of the buffer species on the hydrolysis reactions 
has to be taken into account (22]. To quantitate 
the contribution of the buffer species on hydrolysis 
kinetics, the experiments were performed at dif- 
ferent buffer concentrations, for different pH 
values with the same buffer at constant temper- 
ature. Detailed information on the quantitative 
analysis of catalysed hydrolysis data and calcula- 
tion of the second-order rate constants have been 
published elsewhere [14]. Figure 7 shows the effect 
of buffer concentration on the hydrolysis rate con- 
stant of partially hydrogenated egg PC in HEPES 
buffer for different pH values at 70°C [16]. The 
second-order rate constants for the catalysed 
hydrolysis of natural soybean PC, saturated soy- 
bean PC and partially hydrogenated egg PC by 
different buffer species are listed in Table I 
[14-16]. In general, buffer species catalyse the 
hydrolysis process. When the second-order rate 
constants for the catalysed hydrolysis are com- 
pared and when the regularly used buffer concen- 
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Fig. 7. The effect of buffer concentration on the hydrolysis of 
partially hydrogenated egg PC in HEPES buffers at 70''C. Data 
from Ref. 16. pH 6.8; pH 7.0; O, pH 7.5 



TABLE! 



Second-order rate constants for the cataJysed hydrolysis of PC at 70**C. 





Natural 


Saturated 


Partially hydrogenaled 




soybean PC^ 


soybean PC^ 


egg ?a 




2.0 X 10-^ 


1.0 X 10-^ 


6.2 X 10-8 




2.2 X 10-2 


2.4 X 10-2 


1.6 X 10-2 


*OH 


1.9 X 10-' 


1.2 X 10-' 


2.7 X 10-' 


^Ac" 


5.5 X 10-* 


1.7 X 10-5 


1.1 X 10-5 


^HAc 


-1,6 X 10-* 


-2.5 X I0-* 


-1.6 X 10-* 


^Tris* 


1.0 X 10-5 


8.9 X 10-* 


7.9 X 10-* 


^Tris 


l.l X 10-* 


8.9 X 10-^ 


8.7 X 10-'' 



Rate constants are expressed in M"* s'\ except for the first-order rate constant Jko which is reported in s"'. 
"Taken from Ref, 14, 
*Taken from Ref. 15. 
^H'aken from Ref. 16. 



trations are considered, it can be concluded that 
under pharmaceutically relevant conditions the 
hydrolysis is mainly catalysed by protons and hy- 
droxy! ions. 

The effect of chain length and headgroup 

No systematic studies have been performed on 
the effect of chain length and headgroup on the 
hydrolysis of phospholipids in liposome disper- 
sions. The rate constants of the alkaline hydrolysis 
of synthetic PC's with various chain lengths, egg 
PC and egg PE obtained at 40°C and pH 12.7 in 
a mixed micelluar solution of Triton X-lOO/phqs- 
pholipid in a molar ratio of 8/1 are listed in Table 
II [12]. The authors state that the differences be- 



TABLE II» 

The effect of chain length and headgroup on the hydrolysis rate 
constant (Atq^ of phospholipids in mixed micelluar solution of 
Triton X-lOO/phosphoHpid (molar ratio 8/1) at 40°C and at pH 
1Z7. 



Phospholipid 


Acob, X 103(M-^s-') 


DLPC 


16.0 


DMPC 


15.0 


DPPC 


13.2 


Egg PC 


14.1 


Egg PE 


4.6 



"Data from Ref. 12. 



tween the data sets were found to be significant 
when analysed with a Student's /-test. The data 
suggest that as the chain length of these neutral 
phosphoUpids decreases, the rate of hydrolysis 
tends to increase and that the degree of saturation 
of the acyl chains also affects the rate. The mecha- 
nism behind these observations is not fully 
understood yet. In a study where the hydrolysis ki- 
netics of partially hydrogenated, neutral egg PC 
and negatively charged egg PG were studied in li- 
posomes with PHEPC/EPG = 10/1 bilayers, it was 
found that egg PG hydrolyses slightly faster than 
panially hydrogenated egg PC [23]. The 
difference found coxild possibly be ascribed to the 
difference in degree of unsaturation of the phos- 
pholipids studied and/or the presence of the net 
charge. 

The effect of the state of aggregation 

If the accessibility of the esters in the phospho- 
lipid molecule by water and, consequently, proton 
and hydroxyl ions is affected by the aggregation 
state of the phospholipids, differences could be 
expected between hydrolysis rate constants of 
phospholipids in different aggregation states. Ken- 
sil and Dennis [12] determined the hydrolysis rate 
constants of egg PC and DPPC in liposomes and 
in mixed micelles (prepared with Triton X-100). 
Both egg PC and DPPC hydrolyse faster in mixed 
micelles than in liposomes. Hydrolysis rate con- 
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stants of egg PC in liposomes and in mixed 
micelles at 40*'C and at pH 12.7 were 1.4 x 10'^ 
M"^ s"' and 14.1 x 10"^ M"' s'\ respectively. 
The rate constants for DPPC were 0.7 x 10'^ 
M'' s"* in liposomes and 13.8 x 10'^ M"' s"' in 
mixed micelles. Thus, under those conditions the 
rate constants in vesicles were 10-20-fold lower 
than those in mixed micelles. Moreover, the acti- 
vation energies of both egg PC and DPPC were 
lower in mixed micelles that in vesicles. The 
authors conclude that the aggregation state 
strongly influences hydrolysis kinetics presumably 
by affecting the interfacial region between the lipid 
molecules and water [12]. 

The effect of cholesterol incorporation in the bi- 
layers on the hydrolysis kinetics of phosphatidyl- 
choline 

The incorporation of cholesterol into liposomal 
bilayers tends to increase the retention of hydro- 
philic drugs, counteracts lipid phase transition and 
increases the rigidity of fluid state bilayers and 
thereby the resistance to in vivo liposome degrada- 
tion. This explains why cholesterol is often a part 
of pharmaceutical liposome formulations [24-27]. 

Different interaction mechanisms between 
bilayer-forming phospholipids and cholesterol 
have been discussed. The formation of hydrogen 
bonds between the 3-OH group of cholesterol and 
the carbonyl group of the fatty acyl ester bonds of 
phospholipids at both snA and sn-l positions has 
been proposed [28,29]. Depending on the strength 
of this interaction, the hydration properties of 
both ester bonds may be changed. Any change in 
the hydration properties of the esters can affect the 
hydrolysis kinetics, if access of water molecules to 
the ester bond is a critical factor. This effect is, in 
general, expected to be a protective effect. Certain 
properties of the bilayers formed with a mixture of 
cholesterol and either a di-ester GPC or a di-ether 
GPC, which is lacking ester carbonyl groups, have 
been reported [30,31]. Similar properties for both 
bilayers were found and, therefore, it was conclud- 
ed that the interaction between PC and cholesterol 
as mentioned above did not occur or was unlikely 
to play an important role. 

On the other hand, Zaslavsky et al. [32] 
reported that the addition of cholesterol increases 



relative hydrophilicity of the lipid membrane sur- 
face via separation of the phospholipid head 
groups. This will cause an increase in the head- 
group hydration. If the hydrolysis rate were de- 
pendent on the hydration of the headgroup, in 
pure PHEPC bilayers the addition of cholesterol 
would accelerate the hydrolysis rate due to the 
enhanced hydration. 

The effect of cholesterol on the hydrolysis kinet- 
ics of partially hydrogenated egg PC was in- 
vestigated at different pH values at 60X [16]. No 
difference was observed in the hydrolysis rate of 
partially hydrogenated egg PC in the liposome 
dispersions with and without cholesterol and con- 
cluded that the hydrolysis kinetics of partially 
hydrogenated egg PC were not affected by the 
presence of cholesterol in liposomal bilayers. 

PHEPC used in the above-mentioned study was 
in the liquid crystalline state above O'^C and, 
therefore, had no transition from the fluid 
crystalline to gel state above O^C [7], Since the ad- 
dition of cholesterol into gel state bilayers 
counteracts lipid phase transition, cholesterol in- 
corporation into gel bilayers such as saturated soy- 
bean PC, DPPC and DSPC may bring about the 
disappearance of the discontinuity in the Ar- 
rhenius curve as was observed in Fig. 6. 

Hydrolysis kinetics of phospholipids in charged li- 
posomes 

In pharmaceutical liposome formulations a 
charged phospholipid is regularly one of the 
bilayer-forming (phospho)lipids as it tends to im- 
prove the physical stability of liposomes by reduc- 
ing the rate of aggregation and fusion [13,33]. 
Moreover, Talsma et al. [34] suggest that in the ab- 
sence of a charged phospholipid, vesiculation is in- 
complete upon hydration of the cast lipid film. 
Addition of a charged phospholipid results in the 
formation of smaller liposomes and a higher en- 
capsulation efficiency. 

Incorporation of charged molecules into phos- 
pholipid bilayers generates an electrostatic charge 
and thereby an electrostatic surface potential 
which brings about a redistribution of cations and 
anions, including protons and hydroxyl ions, at 
the bilayer-waier interface [35]. The Gouy- 
Chapman theory of the diffuse double layer 
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describes the relationship between surface charge 

density, surface potential and the concentration of 
the ions present in the bulk aqueous solution 
[35,36]. After calculating the surface potential and 
taking into account the interaction of cations 
other than protons with the charged Hposome sur- 
face, the pH at the liposome surface can be 
calculated with the Boltzmann equation [35]. 

The pH at the liposome surface can also be 
measured experimentally with pH-sensitive probes 
[37]. 7-Hydroxycoumarin covalently attached to a 
long hydrocarbon chain is a good example to be 
used for this purpose. This probe can intercalate 
into the lipid bilayer while its fluorophore is in the 
lipid-water interface. Its pH-dependent excitation 
and emission spectrum allows determination of the 
pH at the bilayer-water interface. In all cases, a 
good agreement was obtained between the ex- 
perimentally measured surface pH and the surface 
pH predicted by application of the Gouy- 
Chapman theory. 

Recently, hydrolysis kinetics of partially 
hydrogenated egg PC and egg PG have been in- 
vestigated under different conditions [23]. Dif- 
ferent electrostatic profiles in the aqueous phase 
around the bilayers were obtained by varying the 
charged phospholipid content (egg PG) of the lipo- 
somes and the ionic strength of the bulk aqueous 
solution. The pH at the bilayer-water interface was 
calculated with the Gouy-Chapman theory. 
Hydrolysis kinetics of both phosphohpids in buf- 
fered aqueous dispersions followed pseudo first- 
order reaction kinetics. Upon analysis of the data 
it was demonstrated that the differences between 
^obs-values for highly charged bilayers and those 
for neutral bilayers can be ascribed to surface pH 
differences. It is the surface pH that controls phos- 
pholipid hydrolysis kinetics in liposomal bilayers 
and not bulk pH. 

Hydrolysis rates of egg PC and egg PE were 
determined at pH 12.7 and at 40X in mixed 
micelles containing the phospholipids separately 
and in a mixture of 1:1 (molar ratio) [12]. When 
hydrolysis rates of the pure phospholipids were 
determined, egg PC hydrolysed three times faster 
than egg PE (Table II). In a mixture of the 
phospholipids the difference was less pronounced. 
In that case egg PC hydrolysed around twice as 



fast as egg PE. At pH 12.7 the PC molecule has no 

net charge (neutral), while PE is negatively charg- 
ed due to deprotonation of the amine group (pAg 
of the amine group is around 1 1.0) [35]. Although 
the authors do not give a full analysis of the possi- 
ble mechanism behind this observation, it can be 
hypothesised that the difference and the variation 
of the hydrolysis rates can be ascribed to changes 
of the pH in the close proximity of the phospholip- 
id molecules in the mixed micelles. 

Physical stability of diemicaUy degraded liposomes 

The physical stability of liposomes concerns two 
parameters: (i) changes in the average particle size 
and size distribution due to vesicle aggregation 
and fusion and (ii) loss of entrapped drug due to 
leakage. 

Changes in the average particle size and size dis- 
tribution of a liposome dispersion due to aggrega- 
tion and fusion are strongly affected by 
(phospho)lipid composition, medium composition 
and pH [37]. Liposomes which lack a net electrical 
charge tend to be less stable towards aggregation 
than charged liposomes. Thus, aggregation can be 
prevented or slowed down by incorporation of a 
charge-carrying lipid into the liposomal formula- 
tion. Special attention must be paid to the com- 
position of the hydration medium: the hydration 
medium should not contain any polyvalent ca- 
tions, which induce aggregation and, subsequent- 
ly, fusion of the liposomes. If polyvalent ions are 
present in the hydration medium, the destabilizing 
effect might be overcome by the use of chelating 
agents such as EDTA [37]. 

The loss of encapsulated, water-soluble drugs 
due to leakage depends on the composition of the 
liposome, its size and the physical state of the 
bilayer-forming lipids (gel or liquid crystalline 
state) [37]. In general, leakage of drugs from gel 
state liposomes is slower than from liquid crystal- 
line state liposomes [38]. However, storage around 
the phase transition temperature enhances the per- 
meability of gel state bilayers [39]. Incorporation 
of substantial fractions of cholesterol decreases the 
bilayer permeability. For example a dramatic 
decrease in permeability of liposomes for carbox- 
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yfluorescein (in liquid crystalline state) by addition 
of 40% cholesterol has been reported by Crom- 
melin and Van Bommel [381. On the other hand, 
cholesterol incorporation into gel state liposomes, 
which were stored at 4°C, did not affect the perme- 
ability of the bilayer (Fig. 8). 

Changes in bilayer permeability can be the con- 
sequence of chemical degradation of bilayer- 
forming phosphohpids. The permeability for 
sucrose of liposomes composed of PC and PA was 
studied in aqueous dispersions by Hunt and Tsang 
[40]. Dispersions exposed to air and light showed 
a dramatic increase in permeability after a 10-day 
induction period. In a-tocopherol-containing lipo- 
some dispersions the induction period was longer. 
After 6 months no significant increase in the bi- 
layer permeability was observed. These results 
indicate that oxidative degradation can have pro- 
nounced effects on the permeability of bilayers. 

The second degradation pathway of phospho- 
lipids in aqueous liposome dispersions is hydro- 
lysis. As already mentioned above, lyso- 
phospholipids and free fatty acids are produced as 
a result of phospholipid hydrolysis. These hydro- 
lysis products have amphiphilic properties differ- 
ent from the 'parent' lipids and can, therefore. 
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Fig. 8. CF latency in reversed evaporation vesicles (REV) 
dispersed in iso-osmotic sodium chloride/0.01 M Tris solutions, 
pH 7.4, stored at 4-6X. Data from Ref. 38. □, PC/PS (9/1, 
molar ratio); A, PC/PS/cholesterol (10/1/4, molar ratio); 
DPPC/DPPG (10/1, molar ratio); A, DPPC/DPPG/choIcsterol 
(10/1/5. molar ratio) 



affect the bilayer properties. For example, long 
fatty acyl chain-bearing iysophospholipids do not 
adopt a bilayer configuration, but organize them- 
selves in a micellar structure when dispersed in 
water [41]. Bilayer structures are destabilized 
when they contain an elevated concentration of 
Iysophospholipids. As a consequence of destabil- 
ization, the bilayers become more sensitive to fu- 
sion and can undergo morphological changes 
affecting their permeability [42-45]. Enhanced 
leakage of glucose from DMPC liposomes was 
shown in a study where the effect of exogenous 
LPC on the physical stability of liposomes was in- 
vestigated [46]. Similar results were also reported 
for exogenous LPC containing egg PC liposomes 
where carboxyfluoresccin was used as a 
hydrophilic marker molecule [47]. In the above- 
mentioned studies leak-out rate and/or leak-out 
versus time profiles of the encapsulated hydro- 
philic marker molecules were used as parameters 
to describe the bilayer permeability. 

Recently, the leak-in rate of calcein was deter- 
mined in PHEPC/EPG-containing liposomes with 
and without cholesterol [48]. Calcein was chosen 
as a hydrophilic marker molecule because its efflux 
from liposomes was insensitive to pH changes of 
the hydration medium in the pH range 5.5-8.0 
[49]. The leak-in rate of calcein into liposomes is 
enhanced^ when increasing concentrations of ex- 
ogenous LPC are incorporated into bilayers at 
40''C in liposomes without cholesterol (Fig. 9). 
Cholesterol addition to these liposomes reduced 
the leak-in rate of calcein. 

The second primary hydrolysis products of 
phospholipids are free fatty acids. Incorporation 
of fatty acids into hposomal bilayers increases the 
tendency of liposomes to aggregate [50]. The effect 
of exogenous myristic acid on the permeability of 
DMPC liposomes was investigated at ll^'C (below 
the transition temperature of DMPC) and 38X 
(above the transition temperature of DMPC). Bi- 
layer permeability to was not affected up to a 
concentration of 5% myristic acid (on a molar 
basis). Above that critical concentration of ex- 
ogenous myristic acid, a dramatic decrease in per- 
meability is observed with liquid crystalline state 
bilayers (38°C). This effect is less pronounced in 
gel state bilayers (Fig. 10) [51]- 
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Fig. 9. Leakage of calcein into exogenous LPC-containing liposomes at 40®C. Data from Ref. 48. A, PHEKVEPC (10/1, molar ratio) 
liposomes; O, fresh; 5% LPC added; □, 20% LPC added; B, PHEPC/EPC/cholcsterol (10/1/4, molar ratio) liposomes; O, fresh; 
5% LPC added; C3, 20% LPC added. 



In reality, hydrolytic degradation products are 
not added artificially to the bilayer upon storage, 
but they are formed during storage and gradually 
influence bilayer characteristics. At least in the ini- 
tial stage of the process, the hydrolysis products 
are part of the bilayers. Therefore, in order to gain 
more insight into the effect of hydrolysis products 
on bilayer permeability, experiments were per- 
formed with liposome dispersions containing free 
fatty acids and lysophospholipids formed in-situ. 
In these experiments liposome dispersions were 
stored over different time intervals at elevated 
temperatures to obtain partially hydrolysed 
phospholipids with different levels of degradation. 
Afterwards, the leak-in rate of the non-bilayer- 
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Fig. !0. K"^ trapped into the vesicles. Dependence on the 
amount of exogenous myristic acid. Data from Ref. 51 ; O, 22°C 
and 36'C. 



interacting hydrophilic marker molecule calcein 
was determined at 40*'C. Exogenous LPC- 
containing liposomes were taken as the control. 
The leak-in rate of calcein was enhanced by the in- 
creasing concentrations of exogenous LPC. On the 
other hand, in liposomes containing partially 
hydrolysed phospholipids, a drop in leak-in rate 
was found up to 10% hydrolysis (corresponds to 
around 10% LPC) of the phospholipids involved. 
Above that degree of hydrolysis the leak-in rate 
started to increase as in exogenous LPC- 
containing liposomes (Fig. 11). Both liposome 
dispersions with and without cholesterol followed 
a similar pattern (481. The permeability enhance- 
ment effect of LPC was assigned to the tendency 
of LPC molecules to interdigitate in phospholipid 
bilayers. Apparendy, up to a certain level the 
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Fig. 1 1 . Leak-in rate of calcein through liposomat bilayers at 
WC as a function of LPC content of liposomes. Data from 
Ref. 48. O, PHEPOEPC (lO/l, molar ratio) hydrolysed ('aged') 
liposomes; PHEPC/EPC/cholesterol (10/1/4. molar ratio) 
hydrolysed ('aged') liposomes; PHEPC/EPC (10/1, molar 
ratio) LPC added liposomes; PHEPC/EPC/cholesterol 
(10/1/4, molar ratio) LPC added liposomes. 
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presence of both LPC and free fatty acids has a 
stabilizing effect on the bilayer permeability. In the 
initial stage the free fatty acids effectively 
neutralise the LPC-destabilizing effect and the 
presence of both degradation products makes the 
bilayer even less permeable than with 
phospholipids alone. 

Quality control of liposome dispersions 

Quality control has always been a key issue in 
pharmaceutical production. It starts with the qual- 



ity control of raw materials to be used for the pro- 
duction, is followed by in process control in order 
to find out batch to batch variations and/or any 
problem which can affect the quality of the end 
product and it ends with the quality control of the 
final product. This sequence of validated pro- 
cedures has to be followed for each production 
batch so that regulatory authorities can be assured 
that reproducible pharmaceuticals are being pro- 
duced. Although no guidelines have been publish- 
ed by regulatory authorities for the quality control 
of liposome-based pharmaceuticals, a concept for 



TABLE Ilia 



Quality control assays of pharmaceutica! liposomal fonnulations. 



Methodology 



Characterization assays 
PH 

Osmolarity 

Phospholipid concentration 
Cholesterol concentration 
- Drug concentration 



Biochemical stability assays 
pH 

Phospholipid peroxidation 

Phospholipid hydrolysis 
Cholesterol autooxidtion 
Antioxidant degradation 
Drug degradation 

Physical stability assays 
Vesicle size distribution: 
submicrometer range 

micrometer range 
Electrical surface potential and surface pH 
Percentage of free drug 

Dilution dependent drug release assay 
Drug^phospholipid ratio 

Biological assays 
Sterility 
Pyrogenicity 
Animal toxicity 

Relevant body fluid-induced leakage 



pH meter 
Osmometer 

Lipid phosphorus content (Fiske and Subbarow or Bartlett method) 
Cholesterol oxidase assay, HPLC 
Spectrophotometry, HPLC or other 
chromatographic procedure 



pH meter 

Conjugated diens^ lipid peroxides, thiobarbituric acid (TBA) test and fatty 
acid composition (GC) 
TLC, HPLC 
TLC, HPLC 
TLC, HPLC 

TLC, HPLC, Spectroscopy 



Photon correlation spectroscopy. Gel exclusion chromatography and 

specific turbidity 
Coulter counter. Laser diffraction and light microscopy 
Zeta potential measurements, use of electrical field or pH sensitive probes 
Gel exclusion chromatography, ion exchange chromatography and 

protamine precipitation 
Dilution effect (0-10 000-fold) on liposomal drug/PL ratio 
Determination of drug and phospholipid content 



Aerobic and anaerobic bottle culture 

Rabbit and/or Limulus amebocyie lysaie (LAL) tests 

Monitor survival 

Gel exclusion chromatography, Ion exchange chromatography and 
prolamine precipitation 



"Taken from Rcf. 52 
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the characterisation and quality control of 
liposome-based pharmaceuticals has been publish- 
ed by Barenholz and Crommelin (Table III) [52]. 
As presented in Table III, quality control pro- 
cedures for a pharmaceutical liposome dispersion 
should deal with three different degrees of 
validated assays: chemical characterisation and 
stability assays, physical characterisation and 
stability assays and biological assays. 

Chemical characterisation and stability assays 
describe the phospholipid composition of fresh 
and stored liposome dispersions. They are discuss- 
ed in this article. Other quality control assays such 
as the determination of the average particle size 
and size distribution and determination of free and 
encapsulated drug concentrations are dealt with in 
other chapters. 

As already mentioned in the second part of this 
article, assessment of the chemical stability of 
phospholipids on storage in terms of phospholipid 
hydrolysis cannot be based on the determination 
of lysophospholipids present in the liposome 
dispersions. As lysophospholipids are intermediate 
hydrolysis products, their concentration can reach 
a steady-state level after a period of time while 
phospholipid hydrolysis still takes place. 
Therefore, in order to gain full insight into the 
phospholipid hydrolysis process, the concentra- 
tions of parent phospholipids, lysophospholipids, 
fatty acids and glycerophospho compounds must 
be determined. 

Colorimetric methods as described by Fiske and 
Subbarow [53] and Bartlett [54] are widely used 
for the determination of the total phospholipid 
content of liposomes e.g. to minimise batch-to- 
batch variation. In order to determine the concen- 
tration of individual phospholipids, analytical 
methods which are able to separate phospholipids 
present in a liposome formulation must be used. 
Most widely used methods are thin layer chroma- 
tography (TLC) and high performance liquid 
chromatography (HPLC). Improved sensitivity, 
high precision and efficient separation and quanti- 
tation of minor components present in the samples 
with larger sample loadings without loss of resolu- 
tion are the advantages of HPLC over TLC. 
Therefore, in our opinion HPLC is the method of 
choice in phospholipid analysis. Among many 



Other methods described in the literature and 
reviewed recently [55], an example of a validated 
HPLC method is given below. This procedure has 
been used in studies where the hydrolysis kinetics 
of phospholipids in aqueous liposome dispersions 
have been described. 

Separation of PC, PG and their hydrolysis prod- 
ucts lysophosphatidylcholine and lysophospha- 
tidylglycerol was achieved on an amino phase 
column (Zorbax-NHa, 25 cm x 4.6 mm i.d.) with 
a mobile phase consisting of acetonitrile/meth- 
anol/10 mM ammonium dihydrogen phosphate 
solution pH 4.8 (64/28/8, v/v) which was delivered 
at a flow rate of 1.5 ml/min [56], A chromatogram 
obtained after the analysis of a mixture of 
phospholipids (DMPC, DMPG, MPC and MPG), 




Fig. 12. HPLC chromatogram of phospholipids. Data from 
Ref. 48. HPLC conditions: mobile phase, acetonitrile/ 
methanol/ 10 mM ammonium dihydrogen phosphate solution, 
pH 4.8. (64/28/8, v/v); How rate, 1.5 ml/min; detection, RI. (1) 
Solvent front; (2) dimyristoylphosphatidylcholine (DMPC); (3) 
dimyristoylphosphatidylglycerol (DMPG); (4) 2-myristoyl 
lysophosphatidylcholine (MPC); (5) 1-myristoyI lysophospha- 
tidylcholine (MPC); (6) 2-myristoyl lysophosphatidylglycerol 
(MPG); (7) 1-myristoyl lysophosphatidylglycerol (MPC). 



is presented in Fig, 12. Under these conditions sep- 
aration of the isomers of lysosphospholipids was 
also obtained (Fig. 12). Furthermore, separation 
of phospholipid classes other than those given 
above has been achieved as well. Calibration 
curves obtained were linear over two orders of 
magnitude and detection limits of PC, PG, LPC 
and LPG were 22, 29, 30 and 50 fxg/ml with an in- 
jection volume of 20 /xl. Method precision for a 
standard phospholipid mixture and for a PC-PC- 
containing liposome dispersion was in the range 
0.6-4.5% (relative standard deviation), 

EHfferent detectors have been described to be 
used for phospholipid detection after column sepa- 
ration. These detectors are based on UV-VIS elec- 
tromagnetic radiation absorption in the range 
195-215 nm, differential refractometry (RI detec- 
tor), light scattering and flame ionization. Despite 
the shortcomings mentioned below, UV absorb- 
tion in the range 195-215 nm is regularly used at 
present for quantitative analysis of phospholipids. 
Its sensitivity varies with the degree of unsatura- 
tion of the phospholipid's fatty acyl chains: highly 
unsaturated phospholipids yield a good response, 
the response for the unsaturated phospholipids is 
poor. Comparison of short wavelength UV detec- 
tion and RI detection has been done recently to 
test the potential of both detectors in phospholipid 
analysis. Molar responses (peak area measure- 
ments) of a series of phosphatidylcholines varying 
in degree of unsaturation have been determined 
using both detectors [56]. While the molar re- 
sponse of the RI detector was constant for all 
phosphatidylcholines tested, the molar response of 
the short wavelength UV detector increased pro- 
portionally to the degree of unsaturation of the 
fatty acid chains of the phosphatidylcholines (Fig. 
13). Besides the advantage of RI detector, its in- 
compatibility with any form of gradient elution 
(solvent and flow gradients) is a disadvantage 
when operating a method using gradient elution. 
Moreover, RI detector must be operated at cons- 
tant temperature. Temperature changes at close 
proximity of the detector will cause instability of 
the baseline. Therefore, adjustment of the column 
and mobile phase temperature is recommended 
when the difference between outside and operation 
temperature is large. In general, the sensitivity of 




Iodine value 



Fig. 13. The relationship between the molar response of dif- 
ferent species of phosphatidylcholine with varying degrees of 
saturation. Date from Rcf. 56. (•), RI; (O), UV detector set at 
206 nm. 

the RI detector was in the same range as the sensi- 
tivity of the UV detector when dealing with 
phospholipids with low degrees of unsaturation. 
But, the UV detector was more sensitive for the 
analysis of unsaturated phospholipids. As detector 
sensitivity of impurities such as lyso phospholipids 
with low degrees of acyl chain saturation is still 
relatively low, a new generation of more sensitive 
detectors with constant molar response should im- 
prove and simplify quality control procedures. 
Moreover, Zorbax-NH2 columns with lower 
batch-to-batch variability in performance and 
being able to not only separate major 
(lyso)phospholipids, but also fatty acids in one run 
would contribute to simplification of the asses- 
sment of product quality in different stages of 
preparation of liposome dispersions. 

Conclusions 

Two decomposition pathways of liposomal 
phospholipids, oxidation and hydrolysis, have 
been dealt within the first part of this article. Oxi- 
dative degradation can be reduced by the use of 
high quality raw materials, by addition of antioxi- 
dants and by preparation of liposomes under an 
oxygen-free atmosphere. Storage at low 
temperatures reduces the rate of oxidation as well. 
Furthermore, the use of partially saturated 
phospholipids could be a better choice than the 
phospholipids carrying polyunsaturated fatty acyl 
chains (natural egg phosphatidylcholine). 
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In contrast to oxidative degradation, hydrolysis 
of phospholipids can only be fully prohibited by 
removal of water by means of (freeze)-drying. 
However, because of the physical stability pro- 
blems encountered with freeze-drying of liposomes 
containing hydrophilic, non-bilayer interacting, 
low molecular weight drugs (e.g. loss of drug after 
rehydration and the tendency to growth of the 
average particle size) storage of the liposomes as 
an aqueous dispersion may be the preferred 
choice. In an aqueous dispersion, the storage tem- 
perature and pH were found to be two major par- 
ameters affecting phospholipid hydrolysis. 
Therefore, for long-term stability, storage at low 
temperatures (4-6°C, in a refrigerator) and adjust- 
ment of the pH of the dispersions to pH values 
close to neutral — where phospholipids have their 
maximum stability (pH 6.5) — is reconunended. 
Moreover, the lowest possible buffer concentra- 
tions that ensure constant pH should be chosen as 
buffer species tend to accelerate the hydrolysis 
process. 

Charged phospholipids are, in general, added to 
obtain a physically stable liposome dispersion. In 
the presence of charge a deviation of the pH at the 
bilayer-water interface from the bulk pH must be 
taken into account. The difference between the 
surface pH and the bulk pH can be large, especial- 
ly with a high content of charged phospholipid in 
the liposomal biiayer and a low ionic strength in 
the aqueous bulk solution. On the other hand, 
such pH difference can be advantageous when for- 
mulating liposomes containing drugs with a maxi- 
mum stability at a slightly alkaline pH. The text 
above indicates that with a careful formulation of 
the liposomes the chemical stability of liposomes 
can be maximised through rational conditions so 
that pharmaceutically acceptable shelf-lives for 
aqueous liposomal dispersions may be achieved. 

Studies in the seventies showed that the presence 
of exogenous lysophospholipids increases the per- 
meability of liposomal bilayers [45,46]. In contrast 
to that fmding, we found that the permeability of 
bilayers was not negatively affected by the 
presence of hydrolysis products (both lysophos- 
pholipids and fatty acids) formed in situ up to 
around 10% phospholipid hydrolysis. The implica- 
tion of this state of partial hydrolysis on liposome 



behavior in vivo has not been investigated yet. 
Both their disposition and safety may be affected 
by the presence of LPC and fatty acid constituents 
which are known to have a high affinity to other 
blood constituents. Therefore, additional in vivo 
studies should be performed using 'aged' liposome 
dispersions containing in situ-formed hydrolysis 
products in order to provide better strategies for 
the assessment of shelf-life of liposome-based 
pharmaceuticals. 
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ABSTRACT 

The purpose of this research was to form stable suspensions 
of submicron particles of cyclosporine A, a water- insoluble 
drug, by rapid expansion from supercritical to aqueous solu- 
tion (RESAS). A solution of cyclosporine A in CO2 was 
expanded into an aqueous solution containing phospholipid 
vesicles mixed with nonionic surfactants to provide stabili- 
zation against particle growth resulting from collisions in the 
expanding jet. The products were evaluated by measuring 
drug loading with high performance liquid chromatography 
(HPLC), particle sizing by dynamic light scattering (DLS), 
and particle morphology by transmission electron micros- 
copy (TEM) and x-ray diffraction. The ability of the surfac- 
tant molecules to orient at the surface of the particles and 
provide steric stabilization could be manipulated by chang- 
ing process variables including temperature and suspension 
concentration. Suspensions with high payloads (up to 54 
mg/mL) could be achieved with a mean diameter of 500 nm 
and particle size distribution ranging from 40 to 920 nm. 
This size range is several hundred nanometers smaller than 
that produced by RESAS for particles stabilized by Tween 
80 alone. The high drug payloads (--10 times greater than 
the equilibrium solubility), the small particle sizes, and the 
long-term stability make this process attractive for develop- 
ment. 
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INTRODUCTION 

The often low bioavailability of water-insoluble drugs leads 
to poor pharmacokinetic performance in the body. Tech- 
niques to improve bioavailability in oral or parenteral appli- 
cations of water-insoluble drugs include powder microniza- 
tion, the formation of micron- and submicron-size disper- 
sions, solubility enhancement in aqueous solution by addi- 
tion of appropriate surfactants, organic solvents or buffers, 
or drug-carrier systems such as liposomes. The payloads for 
drugs in liposomes are often limited because of the low vol- 
ume fraction of hydrophobic regions.* The use of surfactants 
or organic solvents in parenteral administration can lead to 
phlebitis, anaphylaxis, hypotension, or even vasodilation.* 
Traditional micronization techniques such as spray-drying,^ 
emulsion-solvent extraction,"*^ and processes based on high 
shear (eg, microfluidization, high-pressure homogenization, 
ball milling, air jet milling^'** can have certain drawbacks. 
With many of these techniques, particle size distributions 
tend to be broad, products can be denatured by exposure to 
high temperatures or organic solvents, residual solvent con- 
centrations can be high without lengthy periods for addi- 
tional extraction/evaporation, or undesirable processing 
agents need to be separated from the final products. Yields 
can be well below 100% due to losses during solids han- 
dling in milling and spray drying. Milling techniques also 
require cumbersome solids handling. Hence, processing 
techniques that do not rely on organic solvents or high tem- 
peratures and that can provide small particles with narrow 
distributions are highly desirable. 

Dissolution rates of poorly-water soluble drugs may be in- 
creased by reducing the particle size to increase the surface 
area and by inhibiting crystallization to form amorphous 
particles. Both of these factors may be achieved by phase 
separation techniques that include rapid nucleation rates and 
prevention of particle growth. The process rapid expansion 
from supercritical solution (RESS) may be used to accom- 
plish these goals according to theoretical models of nuclea- 
tion. The expansion from the supercritical state to atmos- 
pheric pressure reduces the solvent density (or strength) and 
initiates intense nucleation.*^"^^ The particle formation steps 
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include nucleation, condensation of solute molecules about 
the nucleii, and coagulation of particles in the free jet expan- 
sion. Recent work by Charoenchaitrakool et al has produced 
2.5-^ni particles by RESS with enhanced dissolution rates 
for the poorly water-soluble compound ibuprofen, likely due 
to the reduction in both particle size and crystallinity.^ If 
coagulation can be minimized, it should be possible to pro- 
duce 20- to 50-nm drug particles.^'* Similar findings have 
been noted by M. Weber and M. Thies (letter, March, 2001), 

A novel process, rapid expansion from supercritical to 
aqueous solution (RESAS), has been developed to reduce 
the coagulation rate in the free jet expansion of RESS.^ The 
supercritical solution is expanded through an orifice or ta- 
pered nozzle into an aqueous solution containing a stabilizer 
to minimize particle aggregation during free jet expansion. 
Previously, Young et al demonstrated the ability for Tween 
80, a nonionic polysorbitan ester, to stabilize 400 to 700 nm 
cyclosporine particles produced by RESAS.^ CO2 was cho- 
sen as the supercritical fluid of interest as it is an environ- 
mentally benign solvent that is nonflammable, inexpensive, 
and essentially nontoxic. It also has relatively mild critical 
conditions, critical temperature (Tc) = 31°C, critical pres- 
^ sure (Pc) = 73.8 bar, and so allows processing at moderate 
temperatures to prevent thermal degradation. Sun et al have 
demonstrated a technique to form PbS nanoparticles by ex- 
panding a supercritical fluid containing one reactant, 
Pb(N03)2, into a liquid solution containing a second reac- 
tant, NasS.-^ 

In this study, the emphasis is on phospholipids to minimize 
coagulation in RESAS. Phospholipids are amphiphilic 
molecules, usually consisting of 2 lipophilic tails, which, 
when added to water, rapidly aggregate and form liposomes. 
Depending on the chemical compositions of the phospholip- 
ids, the concentration, and the method of formation, a vari- 
ety of sizes and structures can be formed, such as 1- to 10- 
\xm multilamellar vesicles (MLVs), 0.1- to 1.0-^m large 
unilamellar vesicles (LUYs), and <0.1-pm small unilamellar 
vesicles (SUVs).^^'^* In this study, the focus is on SUVs. 
High drug:lipid ratios with particle sizes <1.0 |im have been 
achieved by micronizing drugs while in the presence of 
phospholipid stabilizers.' It is suggested that m these sys- 
tems the drug partitions into the bilayers of the SUVs em- 
ployed, and colloidal drug particles are stabilized by a 
monolayer of phospholipid and either successive bilayers or 
small loosely associated vesicles. 

The goal of this study was to use phospholipid vesicle solu- 
tions to stabilize nanoparticle aqueous dispersions of cyc- 
losporine, a water-insoluble immunosuppressant, with sub- 
stantial payloads (eg, above 20 mg/mL) by RESAS. To 
place these experiments in perspective, new RESAS results 
are presented for stabilization by a series of micelle-forming 
surfactants (without phospholipids). The phospholipids were 



mixed with small amounts of micelle-forming surfactants to 
enhance fluidity of the surfactant bilayers. The results were 
compared for aqueous solutions stabilized with vesicles with 
only micelle-forming surfactants to provide mechanistic 
insight into the stabilization processes. The effects of several 
variables, such as drug concentration in the suspension, sta- 
bilizing solution temperature, preheater temperature, and 
flow rate, were examined. 



MATERIALS AND METHODS 

Cyclosporine was obtained from North China Pharmaceuti- 
cal Corporation (Shijiazhuang, China) and used without any 
further purification. Lipoid E80 (Vernon Walden, Madison, 
NJ), Phospholipon lOOH (American Lecithin, Oxford, CT), 
Myrj 52 (ICI Americas, Wilmington, DE), Pluronic F127 
(BASF, Ludwigshafen, Germany), methanol (high perform- 
ance liquid chromatography [HPLC] grade, EM Science, 
Gibbstown, NJ), and Tween 80 (Aldrich, Milwaukee, WI) 
were used without further purification. Mannitol, sodium 
lauryl sulfate, and sodium deoxycholate were purchased 
from Sigma (St Louis, MO) and used without further purifi- 
cation. Water was purified to Type I reagent grade by pass- 
ing it through a Bamstead (NANOpure II) filtration system 
(Bamstead International, Dubuque, lA). Instrument grade 
CO2 (Matheson, Albuquerque, NM) was used for all of the 
experiments. The structures of the various surfectants used 
in this study are shown in Figure 1 . 

O 

H3C-(CH,)JL(oCH,CH2)4o-OH 

(A) Myrj 52. 2032 g/mol 

HO(CH2CH20)g3(CH2CHO)g^(CH2CH20)ggH 

(B) Pluronic F127. -12 000 g/mol 
H0(CH2CH2O)^v (OCH2CH2)j^OH 



^ HC— (OCHjCHjjyOH 

C-COCHjCHJzO-COR 
H2 

W+X+Y-kZ=20 
R= CH3(CH2)7CH=CH(CH2)7- 
(C) Tween 80. -1 160 g/mol 

Figure 1. Structures of the surfactants used in this study: 
(A) Myrj 52, 2032 g/mol, (B) Pluronic F127, -12 000 
g/mol, and (C) Tween 80, --11 60 g/mol. 
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HPLC combined with UV detection was used to quantify 

the drug concentration from the aqueous suspensions. The 
column used for HPLC was a 250-mm long C-18 column 
(SGE ODS, 5 |im). Samples were prepared by withdrawing 
0.5 mL of the suspension and adding to 5 mL of methanol, 
of which 9.6 jiL was actually injected onto the colunm. The 
mobile phase consisted of pure methanol, and the detection 
wavelength was 210 nm. 

The solubility of cyclosporine in the surfactant solutions 
was detemiined from a saturated solution at 25°C. Excess 
drug was added to 10 mL of each surfactant solution and 
allowed to equilibrate with stirring for 1 week at 25°C. The 
dissolved drug content was determined by the above- 
mentioned HPLC method by analyzing a filtrate of each 
saturated solution. 

The intensity-weighted particle size distribution was deter- 
mined by Dynamic Light Scattering (DLS) via a Brook- 
haven Zetaplus (Brookhaven Instruments, Holtsville, NY). 
Particle size measurements were made within 24 hours of 
preparation and at 1 -month time intervals. Multimodal size 
distributions were determined by a nonnegative least 
squares method, and the mean diameters and size ranges 
were reported. 

X-ray diffraction data was taken with a PW1720 x-ray gen- 
erator (Philips Electronic Instruments, Inc, Mahwah, NJ). 
Suspensions examined were frozen and lyophilized, and the 
dry powder remaining was examined. Samples containing 
liquid surfactants, such as Tween 80, could not be examined 
by this technique, only those forming a dry powder. 

Differential scanning calorimetry (DSC) was used to deter- 
mine the phase transitions of the phospholipids. A TA In- 
struments (New Castle, DE) DSC 2920 calorimeter was 
used. Typically, 8 to 15 mg of sample was loaded into the 
pan. A heating rate of PC/min was used to scan over the 
temperature range desired. 

Confirmation of vesicle and particle size and structure was 
determined by transmission electron microscopy using a 
Philips EM208 microscope (Philips). Diluted samples were 
dropped onto copper grids. The grid was allowed to stand 
for 5 minutes before the negative stain was dropped onto the 
grid. The stain used was a 1 .0% (w^wt) solution of uranyl 
acetate, which had been brought to a neutral pH to prevent 
damage to vesicle structure.^^ After staining for 5 minutes, 
the grid was washed lightly (3 drops) with pure water and 
then the excess water was removed by touching the edge of 
the grid to an absorbent cloth. 

Preparation of Phospholipid Vesicles 

Phospholipid solution "A" was typically made with an over- 
all aqueous batch size of 200 g. First, Tween 80 and manni- 



tol were added to the requisite amount of water and stirred 

until completely dissolved. The solution was chilled in an 
ice water bath, and then the phospholipid was added. The 
solution was stirred and sonicated (Branson Sonifier 250, 
Branson Ultrasonics Corporation, Danbury, CT) while still 
chilled to break up any large clumps. At this time, the pH 
was adjusted to 7.0 by adding O.IM NaOH. This solution 
was then passed 30 times through a high-pressure homoge- 
nizer (Avestin Emulsiflex C-5, Avestin Inc, Ottawa, On- 
tario, Canada) at a shear pressure drop of 15 000 psig to 
produce small unilamellar vesicles. The outlet flow from the 
pump was passed through a chilling tube, which was sub- 
merged m an ice bath, before returning to the pump feed 
supply to keep the temperature of the phospholipid solution 
entering the pump at 10°C. At the end of the run, the pH 
was again checked and, if necessary, O.IM NaOH was 
added to bring the final pH to between 7.5 and 8.0. This so- 
lution was then refrigerated at 4^C until ready for use. 




Figure 2. Schematic of apparatus used for rapid expansion 
from supercritical to aqueous solution (RESAS). T: tem- 
perature indicator, P: pressure indicator. 



Rapid Expansion from Supercritical to Aqueous So- 
lution 

The RESAS apparatus is shown in Figure 2. The CO2 was 
supplied to the system by means of a high-pressure com- 
puter-controlled syringe pump (ISCO). The 2 solution cells 
were composed of 4-foot-long, 11/16-inch inner diameter 
(id) X 1-inch outer diameter (od), stainless steel tubes set up 
in pairallel and equipped with pistons. Each cell was loaded 
with a predetermined mass of drug above the piston, sealed, 
and then loaded with a known volume of CO2. The back 
side (or bottom) of the piston was subsequently pressurized 
by CO2 to the desired pressure. Each cell was heated by four 
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2-foot-long strips of heating tape connected to heating con- 
trollers to maintain the temperature to within iO.S^C. For 
initial solution equilibration and mixing, only 2 of the heat- 
ing tape strips were heated (the second and fourth from the 
top) to produce density fluctuations within the fluid to aid 
mixing. At the same time, the pressure within the cell was 
cycled via the syringe pump to create further mixing by 
moving the piston up and down. Typically, the solution 
would come to the equilibrium concentration within 24 
hours. The solution concentration was checked by spraying 
the solution into pure methanol to collect dissolved drug, 
and the sample was analyzed by HPLC. If the aforemen- 
tioned mixing technique was not utilized it could take the 
solution up to a week to reach equilibrium. The preheater 
consisted of a 30-foot-long piece of 1/16-inch od x 0.03- 
inch id stainless steel tubing coiled within a 1 *>4-inch diame- 
ter X 20-foot-long tube (column heater, Alltech Associates, 
Deerfield, IL) with heated water circulating through it at a 
rate of 2.4 L/min. This heat exchanger allowed very uniform 
heating of the preheater coil, preventing hot spots, which 
could otherwise produce crystallization of the drug within 
the coil. 

For most of the experiments, the nozzle was made from a 
10-inch-Iong, l/l 6-inch od x 0.03-inch id stainless steel 
tube, in a similar manner to that previously described.^^ Two 
sizes of nozzle were made by filing the end of the nozzle, 
allowing flow rates of 0.88 mL/min or 2.5 mL/min at a con- 
stant pressure drop of 345 bar. Figure 3 provides an example 
of what the spray pattern looks like exiting the 2.5-mL/min 
nozzle operated at a pressure drop of 345 bar. For compari- 
son purposes, a 10-inch-long piece of 50-|im id fused silica 
capillary tubing (Polymicro Technologies, Phoenix, AZ) 
was used as the nozzle for a few experiments. 

The aqueous stabilizing solution was held in a 125-mL sepa- 
ratory funnel. The expanding diameter of the funnel helps to 
destabilize foam formation created by CO2 bubbling through 
the solution, while providing sufficient depth for small vol- 
umes of liquid to allow the nozzle to be submerged. The 
nozzle was submerged approximately 1 cm below the sur- 
face of the aqueous solution. In this way, the particles being 
formed are brought into close contact with the stabilizing 
solution. The separatory funnel was submerged within a 
temperature-controlled water bath. A thermocouple was 
submerged next to the nozzle in the stabilizing solution to 
measure the local temperature of the solution. To suppress 
and drain any foam produced during RESAS, N2 gas was 
blown down on top of the foam at 7.8 L/min and 2 bar into 
the furuiel approximately 4 cm above the foam through four 
1/16-inch od x 0.03-inch id stainless steel tubes. Prior to 
each experiment, 10 mL of the stabilizing solution was fil- 
tered with a 0.2 fim sterile disposable syringe filter 
(Whatman, Kent, UK) and then added to the funnel. Imme- 



diately prior to collecting the particles, the stabilizing solu- 
tion in the funnel was submerged in the heated water bath to 

bring it to the desired collection temperature. 




Figure 3. Spray profile for a CO 2 solution expanding 
through a tapered elliptical nozzle with a flow rate of 2.5 

mL/min at 345 bar. 



To produce the suspensions, first the preheater and nozzle 
assemblies were prepressurized with CO?. The prepressuri- 
zation prevented plugging of the nozzle. Once the flow of 
CO7 had equilibrated, the flow was switched so as to push 
the solution out of the cell and through the nozzle. Initially, 
the spray was conducted by spraying into a separatory fun- 
nel containing pure water. Once drug particles began to ac- 
cumulate in the water, the separatory funnel was switched to 
one of the prepared and preheated stabilizing solutions. A 
measured volume (as measured by the syringe pump) of 
solution was sprayed to produce a suspension of a desired 
concentration. Upon completing the spray, the stabilizing 
solution was replaced by pure water again, and the flow 
switched back to pure CO2. Sufficient CO2 was allowed to 
spray through the nozzle to ensure that all drug was swept 
out of the system to prevent nozzle plugging upon depres- 
surization. For all of the samples using phospholipid-based 
surfactants, the pH of the suspension was adjusted again, 
after the spray was completed, to 7.0 by adding sufficient 
O.IM NaOH. Typically the pH of the phospholipid solution 
went from 7.5 to 3.5 during the course of the spray. pH neu- 
tralization was required to ensure long-term stability of the 
phospholipids. The samples were stored with a N2 head- 
space by purging the air from the sample vial through a sep- 
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Table 1. Solubility of Cyclosporine in Various Surfactant Systems at 25^C* 
Surfactant Name Concentration in Drug Solubility 



Drug/Surf ratio (g/g) 



Tween 80^ 


1 


0.56 


0.056 




2 


1.2 


0.060 


Myrj 52 


2 


1.7 


0.085 


SLS 


2 


27.0 


1.4 


Pluronic F127 


2 


0.01 


0.0005 


Lipoid E80/Tvveen 80/mannitol 


10/2/5.5 


4.75 


0.04 




1/0.2/0.55 


0.32 


0.03 



*SLS indicates sodium lauryi sulfate; and surf, surfactant 
^Reference 26. 



turn in the vial cap to prevent oxidation of the phospholipid 
components. The samples were refrigerated at 4°C. 

RESULTS AND DISCUSSION 
Cyclosporine Solubility 

The phase behavior of cyclosporine in CO2 has previously 
been reported.^ At 30°C and 345 bar, 1.0% (wt/wt) of cyc- 
losporine is readily soluble in CO2. All of the RESAS ex- 
periments in this work were performed with an mitial solu- 
tion concentration of 1,0% (wt/wt). It is important to note 
that the solubility of cyclosporine in CO2 decreases with 
temperature at constant pressure (cloud point increases). The 
solubilities of cyclosporine in the surfactant solutions used 
for stabilization were measured to serve as a control, as 
shovm in Table 1 at 25°C. The goal of RESAS was to pro- 
duce suspensions with a drug/surfactant ratio much higher, 
and at least twice as high, as is obtained from the equilib- 
rium solubility in the surfectant solution. As a result, sodium 
lauryi sulfate (SLS) was not chosen as one of the surfactants 
to examine since the solubility of cyclosporine in this solu- 
tion is quite high. 

Effect of Surfactant Type on Particle Size 

While the bulk of the RESAS experiments will focus on 
phospholipid-based systems, micelle-forming surfactants 
including Tween 80, Pluronic F127, and Myrj 52 were stud- 
ied for comparison, as shown in Table 2. All of the experi- 
ments shown in Table 2 had the following initial conditions: 
a drug concentration of 1.0% (wt/wt) in CO2, a solution 
temperature of SO^'C, a preheater temperature of 60°C, a 
pressure drop of 345 bar with a nozzle that produced a flow 
rate of 2.5 mL/min, and a stabilizing solution bath tempera- 
ture of 25°C. The table shows the final concentration of 
drug in the suspension as measured by HPLC, the mean 
particle size, the particle size distribution (with the relative 
percentage of particles found in each peak for multipeak 



distributions), and the drug to surfactant ratio for the equilib- 
rium solubility as well as for the actual suspension. 

As seen in Table 2, Tween 80 stabilized particles with mean 
diameters from 660 to 970 nm with fairly broad distribu- 
tions at relatively high drug/surfactant ratios of nearly 0.6, 
which was 10 times the equilibrium solubility. These results 
agree reasonably well with previous work.^ The new ex- 
periments utilized smaller aqueous stabilizer volumes and 
higher flow rates that did not seem to modify the particle 
size. To minimize aggregation resulting from particle colli- 
sions, the surfactant must reach the surface of the primary 
particle rapidly and orient such that it can provide steric sta- 
bilization. Previously,^ the particle size increased markedly 
for a drug:surfactant ratio >0.6 due to insufficient surface 
coverage. In contrast, using Pluronic F127 led to substan- 
tially larger particles despite the lower drug/surfactant ratio 
of approximately 0.25. It appears that this surfactant has a 
lower affinity for the particle surface, which is consistent 
with the low equilibrium solubility. The lipophilic propylene 
oxide group makes up only 30% (wt/wt) of the surfactant 
molecule, which might not be enough for sufficient adsorp- 
tion at the particle surface. The use of Myrj 52 also yielded 
larger cyclosporine particles than Tween 80. While this sur- 
factant has a modestly different lipophilic group than Tween 
80 (stearate compared with oleate), it also has a more linear, 
or less bulky, hydrophilic group. Tween 80 has several eth- 
ylene oxide side chains providing greater steric repulsion in 
the continuous aqueous phase. 

The compositions of several phospholipid-based surfactant 
mixtures are provided in Table 3. The 2 phospholipids in- 
cluded commercially available compounds Lipoid ESQ 
(from chicken egg white) and Phospholipon lOOH (hydro- 
genated soybean), which both consist primarily of dipalmi- 
toylphosphatidylcholine (DPPC) and include small amounts 
of impurities such as phosphatidylethanolamine, sphingo- 
myelin, and lyso-phosphatidylcholine. Each of these sys- 
tems was prepared so as to have initial structures consisting 
of small unilamellar vesicles <1.0 ^im in water. Preparations 
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Table 2. EflFect of Surfactant Type on Cyclosporine Microparticles Prepared by RES AS of a 1 .0% (wt/wt) 
Solution into 10.0 mL of 2.0% (wt/wt) Aqueous Surfactant Solution* 



Surfactant 
Type 



Drug Cone 
(mg/mL) 



Yield % 
(wt/wt) 



Particle 
Mean 



Particle Size 
Distribution (nm) 



Drug/Surf 
Ratio @ max 
sol 



Drug/Surf 
Ratio (g/g) 



TweenSO 


6.1 


68 


970 


210«320 (21%), 
500-760 (59%), 
2200-3400 (20%) 


.0.056 


0.61 


TweenSO 


5.4 


64 


660 


220-290 (25%), 
700-940 (75%) 




0.54 


F127 


4.0 


46 


1010 


140-250(12%), 
400-860 (75%), 
3400-5400(13%) 


0.0005 


0.20 


F127 


4.7 


48 


1200 


520-870 (66%), 
2100-4100 (27%) 




024 


Myij52 


4.6 


49 


840 


90-120 (2%), 
310-590(58%), 
1100-2100(40%) 


0.085 


0.23 


iMyij 52 


3.2 


38 


1240 


150-270 (9%), 
410-850 (79%), 
4800-7500(13%) 




0.16 


SLS 










1.4 





* Initial solution conditions were temperature (Tsoin). 30°C; preheater temperature (Tp,dieawX 6(fC; pressure drop (AP), 345 bar, flow 
rate, 2.5 mL/min; and stabilizing bath temperature (Tbaih), 25°C. Cone indicates concentration; max sol, maximum solubility; RESAS, 
rapid expansion from supercriticai to aqueous solution; and surC sur&ctanL 
tl.O%(wtAvt) 



Table 3. Compositions of the Various Phospholipid Surfactant Systems Used in This Study 



Designation 


Components 


Concentrations % 
(wtAvt) 


Vesicle Size 
Mean (nm) 


Vesicle Size 
Range (nm) 


Phospholipid A 


Lipoid E80/ Tween 80/ Mannitol 


10/2/5.5 
1/0.2/0.55 


39.6 
35.1 


20-50 
10-50 


Phospholipid B 


Phospholipon lOOH/ Tween 80/ Mannitol 


2/2/5.5 


90.2 


70-280 


Phospholipid C 


Phospholipon lOOH/Myrj 52/ Sodium 
Deoxycholate/ Mannitol 


2/1/0.25/5,5 


131.2 


60-360 


Phospholipid D 


Phospholipon 100H/Myrj52/ Mannitol 


2/2/5.5 


140.5 


70-440 



made with Lipoid E80 had starting vesicle sizes of 10 to 50 
nm, while those made with Phospholipon lOOH were 
slightly larger, as confirmed by DLS. The nonionic surfac- 
tants can act to make the vesicle bilayer more fluid,^° facili- 
tating transport across the bilayer. All of these systems in- 
cluded mannitol to enhance vesicle stability, and also to act 
as a cryoprotectant to prevent loss of structure during ly- 
ophilization.^*'^^ Sodium deoxycholate was utilized in sys- 
tem "C" to supplement the steric stabilization with electro- 
static stabilization. 



Results are shown in Table 4 for the various phospholipid- 
based surfactant systems. The table shows the final concen- 
tration of drug in the suspension as measured by HPLC, the 
mean particle size, the particle size distribution (with the 
relative percentage of particles found in each peak for mul- 
tipeak distributions), and the drug/surfactant ratio for the 
equilibrium solubility as well as at the final suspension con- 
centration. In order to be able to distinguish between vesi- 
cles and particles in the final solutions, a few control ex- 
periments were performed. First, in the range of 10°C to 
50°C, it was found that the size of the SUVs does not 
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Table 4. Effect of Surfactant Type on Cyclosporine Microparticles Prepared by RES AS for a Stabilizing So- 
lution Bath Temperature of 25°C* 



Phospholipid 
Surfactant 
Composition 


Drug Cone 
(mg/mL) 


Yield % 
(wt/wt) 


Particle 
Mean (nm) 


Particle Size Distribution (nm) 


Drug/Surf 
Ratio (g/g) 


A^ 
A^ 


6.5 
6.9 


93 
100 


220 
220 


30-50(4%), 
100-160(66%), 
330-560(30%) 

80-120(32%), 
250-300(68%) 


0.54 
0.58 


B 
B 


4.6 
5.1 


54 
62 


660 
640 


80-420(91%), 
3300-6300(9%) 

80-420 (93%), 
5100-7100(7%) 


0.12 
0.13 


C 
C 


4.1 
4.2 


26 
34 


2740 
4110 


140-300(16%), 
720-1740(60%), 

280-470 (56%), 
7700-10 000(44%) 


0.13 
0.13 


D 
D 


7.7 
6.9 


63 
59 


390 
460 


150-200 (54%), 
560-750 (46%) 
110-180 (54%), 
320-560 (27%), 
1180-2060(19%) 


0.19 
0.17 



♦ Initial solution conditions were temperature (Tsoin), 30°C; preheater temperature CTpreheato-), 6(fC; pressure drop (QP), 345 bar, flow 
rate, 2.5 mL/min; and stabilizing bath temperature (Tbadi), 25°C. Cone indicates concenttation; RESAS, rapid expansion fipom super- 
critical to aqueous solution; and surf, surfactant 

^1.0% Lipoid E80/ 0.2% Tween 80/ 0.55% Mannitoi (wt/wt); T^^ = 45.0°C 



change when measured by DLS. Second, if pure CO? is 
sprayed into the solution for a time similar to that in the rest 
of the experiments (up to an hour), there is also no change in 
the vesicle size even with the resulting change in pH from 7 
to 3. pH is known to affect vesicles by increasing DPPC 
hydrolysis rates, and pH gradients have been utilized in the 
foraiation of SUVs."^"^ Therefore, it is reasonable to believe 
that any change in particle size distribution as measured by 
DLS after RESAS with a drug would correspond to the 
presence of stabilized drug particles. 

The low-concentration solution A was able to stabilize cyc- 
losporine particles at concentrations of --7 mg/mL (-0.6 
drug:surfactant ratio) with mean diameters of 220 to 230 nm 
and relatively narrow size distributions as seen in Table 4. 
The distributions are bimodal. The smaller peak is some- 
what larger than for the initial drug-free vesicles, suggesting 
that the drug induces modest aggregation of these vesicles. 
The larger peak is 5 to 10 times the size of the initial vesi- 
cles. It is likely that most of the drug is contained in these 
larger aggregates. The drug/surfactant ratios are over 20 
times the equilibrium solubility in the vesicles. While the 



examples discussed here were made with the lower concen- 
tration of formulation A, these suspensions tended to be less 
stable (discussed in more detail later) and were incapable of 
stabilizing drug payloads up to 50 mg/mL. Therefore, the 
majority of the rest of the work detailed herein was con- 
ducted using the higher concentration of formulation A. 

Figure 4 shows transmission electron micrographs (TEMs) 
taken of several of the suspensions formed in this study. 
Figure 4A shows the initial empty SUVs of phospholipid 
formulation A before RESAS, with particle sizes that are 
between 10 and 80 nm. Upon exposure of the aqueous vesi- 
cles to CO2, there was no noticeable change in the TEM 
micrographs. Note that in some regions, the vesicles associ- 
ate loosely to form aggregates. Also, the vesicle shape ap- 
pears distorted from a spherical shape. Some distortion can 
occur due to collapse or close packing of the vesicles upon 
water evaporation.^^*^ The negative staining technique can 
be used to observe multilamellar structures (MLVs), if pre- 
sent. MLVs could be seen (not shown) before homogeniza- 
tion to form SUVs. Figure 4B shows the particles at a 
drug:surfactant ratio of 0.15, showing both the large stabi- 
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lized drug particles (-200 nm) as well as small vesicles. The 
DLS results showed particles as large as 400 nm, so there 
may be some aggregation occurring within the suspension 
between the larger drug particles and the remaining SUVs. 




Figure 4. TEM micrographs of (A) initial SUVs made from 
phospholipid formulation A before RESAS, (B) drug-loaded 
vesicles of phospholipid formulation A at a concentration of 
17.6 mg/mL and stabilizing solution temperature of 31.1 °C; 
operating conditions: T = 30^C, T = 60°C, AP = 345 
bar, T bath = 45'*C, solution flow rate = 2.5 mL/min, (C) 
drug-loaded vesicles of phospholipid formulation A at a 
concentration of 54.0 mg/mL and stabilizing solution tem- 
perature of 50.3°C; operating conditions: T soin = 30°C, T 
= 60°C, AP = 345 bar, T bath = 80'=^C, solution flow rate = 2.5 
mL/min. 



Unfortunately, with this staining technique, we were unable 
to visualize the monolayer of surfactant on the particles, as 
the stain simply deposits around the outside of the particle. 
Also, we saw no evidence of successive bilayers surround- 
ing the particles. While it was somewhat difficult to distin- 
guish between drug particles and vesicles, the larger objects 
seen in this micrograph never appeared during inspection of 
phospholipid vesicles with no drug. Also, the entities we 
believe to be the drug particles have highly irregular sur- 
faces, which is another characteristic not observed with 
unloaded vesicles. Figure 4C shows the particles formed at a 
high drugisurfactant ratio of 0.45, depicting very few small 
vesicles remaining with numerous large stabilized drug par- 
ticles, approaching 300 nm. The DLS results in this case 
indicated 3 size ranges (40 to 60, 100 to 200, and 500 to 
920) with the bulk of the material present in the last jjeak. 
This distribution again suggests that some of the particles in 
the TEM associate or aggregate. 

The particle diameters of the phospholipid-stabilized sus- 
pensions were markedly lower than those produced with 
micellar-forming surfactants for similar surfactant concen- 
trations and drug/surfactant ratios. To stabilize such small 
particles, the surfactant must be able to rapidly adsorb onto 
the surfaces of the precipitating particles in order to hinder 
particle growth in the jet. Since the bulk of the surfactant is 
now in the structure of a vesicle, the stabilization mecha- 
nism may be expected to be different than for the micelle- 
forming surfactants in Table 2. In the case of vesicles, the 
aggregation number of surfactant is much larger than for 
micelles. Thus, in a single vesicle the local concentration of 
surfactant that can coat a growing drug particle is higher 
than for a single micelle. The preferred curvature of the sur- 
factant is more favorable for vesicles than micelles. For 
vesicles, the interface with water is less curved than for the 
much smaller micelles and will more closely match that of 
the drug particles. The better match in curvature may be 
expected to favor particle stability. The growmg drug nuclei 
may collide with a bilayer of the vesicle and dissolve. The 
presence of the nonionic surfactant Tween 80 can aid the 
transport through the bilayer. Since vesicles tend to be rela- 
tively stable, growth of drug particles by colli- 
sion/coagulation may be expected to be minimized. Thus, 
the particle may be expected to grow mostly due to a con- 
densation mechanism within the bilayer as additional drug 
nuclei enter, although detailed studies would be needed to 
quantify this mechanism. When the drug particle size be- 
comes large enough, it can disrupt the vesicle structure and 
essentially cause an "unzipping" of the bilayer as the vesicle 
breaks. The rearrangement of the surfactant may be ex- 
pected, leaving a monolayer of the phospholipid on the par- 
ticle surface with the polar heads solvated by water. SUVs 
may then become loosely associated with the hydrophilic 
groups on the outside surface of this monolayer. Previous 



8 



AAPS PharmSciTech 2003; 5 (1) Article 11 (http://www.aapspharniscitech.org). 



work has demonstrated the ability of phospholipid surfec- 
tants to adsorb on a hydrophobic surface as a monolayer." 

Unfortunately, in all the cases where Phospholipon lOOH 
was used, the solutions foamed extensively and quickly be- 
came very viscous or, as in the case of solution C, even 
gelled during the spray. Changing the temperature of these 
solutions from 25°C to 75°C had no observable or measur- 
able effect on the particles collected or the nature of the so- 
lution during RES AS. When the solution becomes too thick, 
any further spraying yields large particles, as the surfactant 
can no longer diffuse to the particle surfaces as they precipi- 
tate and grow. In the case of phospholipid solution B, parti- 
cles were stabilized with mean diameters from 370 to 660 
nm with broad distributions from 30 nm to 7 ^m. Phosphol- 
ipid solution C quickly gelled during the spray, yielding the 
largest particles of any of the phospholipid combinations 
with approximate mean particle sizes of 2 to 4 ^m and broad 
size distributions. Phospholipid solution D stabilized parti- 
cles moderately well, with mean sizes of 290 to 460 nm and 
particles ranging from 70 nm to 3 ^im. Solutions B, C, and 
D also each had low trapping yields as the solutions became 
too viscous. It is likely that the difference between the per- 
formance of Lipoid E80 and Phospholipon lOOH lies in tiie 
source (egg vs soybean), and resulting differences in impuri- 
ties. Since phospholipid solution A produced the smallest 
particles, it will be the focus of the experiments in later sec- 
tions concerning the effects of temperature, drug concentra- 
tion, etc. 
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Figure 5. X-ray diffraction patterns for bulk cyclosporine 

(bottom) and cyclosporine processed by RES AS and stabi- 
lized by Pluronic F127 (drug/surfactant ratio = 0.2). 

In Figure 5, we show the x-ray diffraction patterns for cyc- 
losporine before RESAS (lower curve), and for cyclosporine 
stabilized by Pluronic F127 (upper curve). Prior to process- 
ing, the cyclosporine is crystalline, showing multiple sharp 



peaks. After processing by RESAS and stabilization by 
F127, the cyclosporine crystal peaks have disappeared, sug- 
gesting the drug is now trapped in an amorphous state. The 
2 large peaks seen are due to the surfactant, Pluronic F127. 
Since the entire sample produced with F127 was dried and 
analyzed (including the large particles), and the entire sam- 
ple was amorphous, it is not unreasonable to assume that the 
smaller drug particles trapped with the other surfactant sys- 
tems could also be amorphous. 



Effect of Suspension Concentration 

Tables 5-7 illustrate the effect of drug concentration, which 
is a function of spray time, on particle size for bath tempera- 
tures of 25°C, 45°C, and 80°C, respectively. In all of die 
experiments, the stabilizing solution was phospholipid for- 
mulation A at the higher concentration levels, as shown in 
Table 3. The starting vesicle size in the solution, as listed in 
Table 3, was 10 to 50 nm, and they are likely SUVs. Upon 
examination with TEM, the vesicles appeared similar to 
those shown in Figure 4A. Tables 5-7 show the actual stabi- 
lizing solution temperature measured within the separatory 
funnel in addition to the related entries found in Table 4. 

Table 5 shows the particle size for a bath temperature of 
25'^C. At a drug concentration of -20 mg/mL, particles col- 
lected had a mean diameter of 500 to 650 nm with sizes 
ranging from 70 nm to 2 ^m. At -40 mg/mL, the mean par- 
ticle size increased to 730 nm with very broad distributions. 
The average particle size grew by as much as 50% when 
doubling the drug concentration. A further increase in drug 
concentration to 46 mg/mL produced a substantial increase 
in particles larger than 1 ^m, indicating loss of stabilization 
against aggregation. 

In Table 5 versus Table 6 the only difference in experimen- 
tal conditions was the stabilizing solution bath temperature, 
which was 45°C. Initially, at a drugrsurfactant ratio of "-0,1 
(roughly 2 times the equilibrium solubility), the particle 
mean diameters were only 1 60 to 1 80 nm with narrow size 
distributions. At a dmg surfactant ratio of ■--0.15, the particle 
mean increased to 260 to 290 nm, and at 0.25, it reached 
3 10 to 390 nm with a slightiy broader size distribution. In all 
cases, the particles were much smaller than those produced 
with Tween 80. 

In Table 7, the stabilizing solution bath temperature was 
80°C. For a given drug loading, each of the properties of the 
particles was similar to that for a bath temperature of 45°C. 
In all 3 cases, the particle size increased substantially with 
drug concentration, which increases with spray time. Figure 
6 demonstrates the trends in particle growth more clearly. 
For the 2 higher stabilizing solution temperatures, the parti- 
cle size increases approximately linearly with drug concen- 
tration, with only a small increase in size with temperature. 
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Table 5. Effect of Suspension Concentration on Cyclosporine Microparticles Prepared by RESAS for a 
Stabilizing Solution Bath Temperature of 25°C* 



Stabilizing 
Solution 



Drug Cone 
(mg/mL) 



Yield % 
(wt/wt) 



Particle Mean 
(nm) 



Particle Size Distribu- 
tion (nm) 



Drug/Surf 
Ratio (g/g) 











70-140(28%), 




14 


18.4 


89 


650 


240-450(36%), 
1000-1900 (36%) 


0.15 


133 


19.4 


96 


500 


90-190(45%), 
530-1260 (55%) 


0.16 


14.8 


24.2 


110 


630 


120-210(47%), 


0,20 


760-1440 (53%) 
50-80 (4%), 


15.8 


39.0 


110 


730 


160-290 (33%), 
750-1500 (63%) 
80-160(14%), 


0.33 


13.7 


39.8 


80 


960 


480-910(74%), 
2700-5200(12%) 

80-160(12%), 


0.33 


13.6 


45.9 


94 


1700 


500-1150(74%), 
5000-10000(14%) 


0.38 



* Initial solution conditions were temperature (Tsojn), 30**C; preheater temperature (TpidwiBrX 60°C; pressure drop (AP), 345 bar, 
flow rate, 2.5 miymin; and stabilizing bath temperature (Ty^, 25°C. Cone indicates concentration; RESAS, rapid expansion 
&om supercritical to aqueous solutior^ sur£ sur&ctant; and temp, temperature. 

Table 6. Effect of Suspension Concentration on Cyclosporine Microparticles Prepared by RESAS for a 



Stabilizing 


Drug Cone 










Solution 
Temp *C 


Yield % 


Particle 


Particle Size Distribution 


Drug/Surf Ratio 


(mg/mL) 


(wt/wt) 


iMean (nm) 


(nm) 


(g/g) 


32 


10.3 


70 


160 


80-110(67%), 


0.09 


260-350(33%) 


33 


13.0 


87 


180 


80-110(47%), 


0.11 


220-290 (53%) 
40-70 (6%), 


312 


15.8 


89 


280 


140-220 (67%), 
450-760 (27%) 


0.13 


29.8 


17.5 


95 


290 


110-160(44%), 


0.15 


370-470 (56%) 


31.1 


17.6 


93 


260 


90-120 (33%), 


0.15 


290-400 (67%) 
40-80(10%), 


303 


26.2 


72 


380 


200-370 (71%), 
690-1100(19%) 


0.22 


312 


24.4 


74 


310 


40-100(13%), 


0.20 








200-520 (87%) 
30-50 (2%), 


30.5 


31.7 


83 


390 


140-230 (44%), 
430-820 (54%) 


0.26 



♦Initial solution conditions were temperature (I'soin), 30*'C; preheater temperature (Tpreheaier). 60^*0; pressure drop (AP), 345 bar; flow 
rate, 2.5 mL/min; aiid stabilizing bath temperature (Tbaih), 45°C. Cone indicates concenlrdtion; RESAS, rapid expansion from super- 
critical to aqueous solution; surf, surfactant; and temp, temperature. 
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Table 7. Effect of Suspension Concentration on Cyclosporine Microparticles Prepared by RES AS for a 
Stabilizing Solution Bath Temperature of 80°C* 



Stabilizing 
Solution 
Temp **C 



Drug Cone 
(mg/mL) 



Yield % 
(wtAvt) 



Particle Mean 
(nm) 



Particle Size 
Distribution (nm) 



Drug/Surf Ratio 
(g/g) 



56.8 


12.6 


88 


220 


60-90 (45%), 
270-380 (55%) 


0.11 


543 


14.8 


88 


230 


60-90(40%), 
290-390(60%) 


0.12 


S7 9 


17 


79 


79n 


60-100(28%), 
310-600(72%) 




53.7 


23.8 


62 


390 


80-120 (34%), 
440-650 (66%) 


0.20 


53.8 


27.0 


72 


460 


100-140(31%), 
500-750(69%) 


0.23 


52.7 


39.8 


99 


480 


50-100(48%), 

170-360(18%), 
860-1770 (34%) 


0.33 


503 


54.0 


139 


500 


40-60 (26%), 
100-200(11%), 
500-920 (63%) 


0.45 



♦Initial solution conditions were temperature (Tgoin), 30°C; preheater temperature (Tpreheaw), 60°C; pressure drop (AP), 345 bar; 
flow rate, 2.5 mL/min; and stabilizing bath temperature (Tba*), 80°C. Cone indicates concentration; RESAS, rapid expansion 
&om supercritical to aqueous solution; surf, surfactant; and temp, temperature. 



For a temperature of 14°C, the size is larger by a factor of 
about 2, and the scatter about the linear correlation with 
drug concentration is much larger. 

Several factors may be expected to cause the increase in 
particle size with drug concentration. The first factor is sur- 
factant depletion in the aqueous solution as the SUVs coat 
the particles and form drug-surfactant aggregates. As the 
spray time and drug concentration increase, fewer of the 
initial SUVs are available for stabilizing incoming particles. 
Another factor is that the particle collision rate increases 
approximately with the square of the particle concentration. 
In addition, an increase in the drug concentration raises the 
drug/surfactant ratio in the aqueous solution. The resulting 
increase in total drug surfece area and decrease in surfactant 
coverage of this drug surface area may lead to greater ag- 
gregation of the surfactant-coated drug particles. Another 
factor is simply the greater time for particle growth due to 
shear-induced aggregation caused by the flowing CO2. Once 
removed from the process, however, the drug suspensions 
were extremely stable with little change in particle size 
measurable by DLS even after weeks of storage, as dis- 
cussed in greater detail below. 



1000 



CO 



c 



6 




10 20 30 40 50 
Drug Concentration (mg/mL) 



60 



Figure 6. Effect of drug concentration and stabilizing solu- 
tion temperature on cyclosporine particles produced by 
RESAS with phospholipid solution A as the stabilizer. T soin 
= 30°C; T pre = 60°C; AP = 345 bar; T bath = 25°C, 45°C, 
80°C: solution flow rate = 2.5 mL/min. 
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Effect of Stabilizing Solution Temperature 

The ability for the phospholipid-based surfactants to stabi- 
lize the particles may be expected to depend upon the tem- 
perature of the medium within the receiving vessel. Most 
phospholipid vesicles exhibit a transition temperature from a 
rigid gel-like state to a fluid liquid-crystalline state. As tem- 
perature increases, the phospholipid chains within the vesi- 
cles go from a very rigid, ordered state, to one that is more 
flexible and can allow diffusion across the bilayer. The ri- 
gidity of the phospholipid tails, and hence the vesicles, 
could affect the surfectant's ability to rearrange in order to 
stabilize the drug particles as they precipitate. The effect of 
lipid chain melting behavior, and hence the lipid's ability to 
orient at the surface of emulsion droplets has been studied.^ 
Dry Lipoid E80 powder was analyzed by DSC to determine 
the chain melting point, as shown in Figure 7. The melting 
transition appears slightly above room temperature, at lA^C 
to 29°C. While the location of the transition agrees with 
previous studies,^^ the transition enthalpy is lower here. This 
difference is likely due to adsorbed water.. When 10% 
(wt/wt) of Lipoid E80 was added to water, however, the 
DSC thermogram was dominated by the water melting peak, 
and since the transition enthalpy was already low, it could 
no longer be detected. This effect has been seen previ- 
ously.*^ Also, the fact that it is hard to detect a clear transi- 
tion in solution is not unexpected for lipid samples that are 
not made of pure components or that have additives such as 
cholesterol."^^ While the presence of Tween 80, mannitol, 
and even the drug m the vesicles would be expected to fur- 
ther broaden/shift the transition point,^^'^^"^^ this effect could 
unfortunately not be demonstrated with this system. 



0 




-30 -20 -10 0 10 20 30 40 50 

Temperature ("C) 

Figure 7. DSC thermogram of bulk Lipoid E80. 

Note that in each of the tables, the actual stabilizing solution 
temperature near the nozzle is significantly lower than that 



of the water bath used to heat the medium. This cooling is 

due to the expanding CO2 gas. As seen in Figure 4, the par- 
ticle sizes measured when the stabilizing solution tempera- 
ture was above 30°C were nearly the same at similar drug 
loadings, regardless of the stabilizing solution bath tempera- 
ture. However, a large increase in particle size was noted for 
the cases in which the stabilizing solution was only 14®C. It 
is likely that at this temperature the phospholipid chains are 
too rigid to rearrange and stabilize the growing particles as 
rapidly as at the higher temperatures. The increase in the 
viscosity of water at locally low temperatures could further 
mhibit diffusion and rearrangement of surfactant. There 
could also be an effect of locally colder temperatures in the 
vicinity of the nozzle tip decreasing supersaturation based 
on the phase diagram,^ slowing particle nucleation and pro- 
ducing larger particles. This supersaturation effect is dis- 
cussed in greater detail in the next section on the effect of 
preheater temperature for a constant stabilizing solution 
temperature. 

Effect of Preheater Temperature 

Cyclosporine becomes less soluble in-C02 as temperature 
increases.^ Therefore, it is expected that at higher preheater 
temperatures, the depressurization in the nozzle will cause 
the solution to pass through the phase boundary more 
quickly than at lower temperatures, leading to higher levels 
of supersaturation. ^^'^''^^ The greater supersaturation, in turn, 
leads to higher rates of nucleation, which would lead to the 
formation of smaller particles, if aggregation is controlled. 

Table 8 illustrates the effects of the preheater temperature on 
the cyclosporine particle size. The first 2 entries show the 
results through a nozzle at a flow rate of 0.88 mL/min at a 
change in pressure (AP) of 345 bar. At a low preheater tem- 
perature of 30°C, the particles produced at this flow rate 
were larger than 10 |im and quickly settled out, leaving only 
drug solubilized in the SUVs. With a bath temperature of 
only 30*'C, the stabilizing solution temperature became too 
cold for adequate stabilization as discussed above. At a 
higher preheater temperature of 60°C and at a 
drugrsurfactant ratio of 0.24, the particles had a mean size of 
530 nm. The higher preheater temperature resulted in less 
local cooling for this nozzle flow rate and allowed the stabi- 
lization of particles. 

In the remainder of the results in Table 8, the solution flow 
rate was 2.5 mL/min at the same AP of 345 bar. As the pre- 
heater temperature was changed from 30^C to 80°C, the 
mean particle size decreased. The drug/surfactant ratio was 
fairiy constant, especially for the 2 higher preheater tem- 
peratures. Notice that the preheater temperature had essen- 
tially no effect on the stabilizing solution temperature be- 
cause of the efficient heat transfer in the nozzle and the jet. 
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Table 8. Effect of Preheater Temperature on Cyclosporine Microparticles Prepared by RESAS of a 1 .0% 
(wt/wt) solution into 10.0 mL of phospholipid mixtiu^ A* 
Stabilizuig ^ 

T **C Solution Drug Cone Yield % Particle Particle Size Drug/Surf 

Tern **C (mg^mL) (wtAvt) Mean (nm) Distribution (nm) Ratio (g/g) 

30* 22.0 2.5 30 30-130, >10^m 0.02 

60* 21.2 24.0 80 530 190-290(82%), 

1500-2500(18%) "-^^ 



30 32 1 27 8 100 400 50-240(40%), 

^^'^ ^/-^ 440-720(60%) 



30 31.7 19.3 82 380 ^^^^f^^^ 0.16 



60 32.2 14.3 98 280 t^',^'^}, 0.12 

60 31 8 11 9 84 320 110-150(41%), 

''•^ -^^^ 400-540(59%) "'^^ 



80 31.6 11,7 79 110 70-100(90%), 

280-380(10%) "-^^ 

80 32 0 13 1 78 IQO 20-140(70%), 

'^'^ ^^-^ 280-380(30%) ^'^^ 

♦Initial solution conditions were temperature ^s^, SO'^C; pressure drop (AP), 345 bar, flow rate, 2.5 mL/min; and stabilizing 
bath temperature (Tban,), 45°C. Cone indicates concentration; RESAS, rapid expansion from supercritical to aqueous solution; 
surf, surfactant; and temp, temperature; and Tp^, preheater temperature. 
^Tsoin = 30°C; Tbah = 40°C; AP = 345 bar; solution flow rate = 0.88 mL/min. 



and the large change in latent heat for compressed CO2 rela- 
tive to the sensible heat. Consequently, the rigidity of the 
phospholipids in the aqueous solutions was essentially con- 
stant Thus, the decrease in particle size is most likely due to 
the faster nucleation rate produced by the higher supersatu- 
ration at the higher preheater temperatures. 

Effect of NoTzle Size 

Table 8 also illustrates the effect of nozzle size on the parti- 
cle size. Two crimped nozzles were compared with similar 
operating pressures, AP = 345 bar, but with flow rates of 
0.88 mL/min and 2.5 mL/min. The greater restriction for the 
slower flow rate nozzle indicates that the crimping and filing 
process produced a smaller elliptical orifice. The smaller, 
low flow rate nozzle appears to produce larger particles than 
the high flow rate nozzle. While smaller droplet sizes would 
be expected with the smaller nozzle due to more intense 
atomization, the dominating factor on particle stability in 
this system appears to be the conditions of the stabilizing 
solution. At the lower flow rate, the jet is less forceful and 
creates less mixing/turbulence within the stabilizing solu- 
tion. The weaker mixing is evident in the lower local tem- 
perature within the stabilizing solution. At the higher flow 



rates, the solution is agitated more intensely, and heat is 
transferred throughout the fluid within the separatory funnel 
more efficiently, producing a higher local temperature. 
Since the lower flow rate nozzle creates less turbulence, the 
particles and surfactant are not mixed as well, leading to 
less-effective stabilization. Also, the particles are not carried 
away from the jet as quickly, allowing for potentially more 
collisions prior to complete stabilization. In the future, this 
limitation could be overcome by stirring the solution. 

The use of a much larger 50-^m id x 10-cm long straight 
capillary nozzle in RESAS led to low yields (<35%) and the 
formation of >10 |im particles. Also, this nozzle tended to 
plug easily as compared with the crimped nozzle design, 
which never plugged during a spray. In the case of the capil- 
lary nozzle, the depressurization profile occurs over the en- 
tire length of the nozzle, resulting in some particle nuclea- 
tion and growth within the nozzle where it cannot be stabi- 
lized. 



Long-term Stability 

For all of the samples produced, initial particle size meas- 
urements were made within 24 hours of the flESAS spray. 
Also, the stability of the particle size after 1 month of stor- 
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Table 9. Suspension Stability After 1 Month of Storage at 4°C for Phospholipid Mixture 
A 10%/ 2%/ 5.5% (wt/wt) Lipoid E80/Tween 80/mannitol 


Original Mean (nm) 


Mean After 1 Month 
(nm) 


Distribution After 1 
Montn ^nnij 


% Change 


260 


320 


30-50 (25%), 
120-190(16%), 
410-710(59%) 


20 


220 


750* 


50-230(17%), 
660-1200(83%) 


240 


1700 


720 


100-160(10%), 
650-1000 (90%) 


-40 


390 


700 


80-140(29%), 
200-300 (6%), 
820-1230 (65%) 


80 


460 


560 


50-240(47%), 
560-1780 (53%) 


20 


400 

320 


740 
420 


60-90(41%), 

170-350(16%), 
1200-2000 (43%) 

50-150(46%), 
220-410(15%), 
680-1120(39%) 


85 

30 



* l,0%'0.2%/0.55% (wtAvt) Lipoid ESQA-ween SO/mannitol. 



age at 4°C and under nitrogen was examined as shown in 
Table 9, Each sample was gently inverted 5 to 10 times and 
then allowed to sit for 1 hour prior to analysis. For each of 
the nonphospholipid surfactants, the particles settled com- 
pletely and caked at the bottom of the vial. These samples 
were not redispersible, even by sonication. The samples 
produced by RESAS with phospholipid solution A had good 
stability, with no settling observed for most of the suspen- 
sions without shaidng. Even in cases where there was some 
settling present, the samples were easily redispersed by the 
gentle inversions. Most of the samples experienced some 
growth, or small broadening in the size distribution. In one 
case, the particle size grew considerably during the 1 -month 
period (likely because of the very high drug:surfactant ratio 
(>0.5) in this system due to the low amount of surfactant) 
and also showed instability in the form of settling. In the 
case in which the particle size appears to decrease, it is 
likely that some of the larger particles have settled out (not 
visible to eye) and thus were shnply not captured in the 
sample analyzed by DLS. 

In summary, many of the size distributions were bimodal, 
according to DLS measurements and TEM, consisting of 
vesicles with very low drug concentrations and drug particle 
aggregates stabilized with vesicles. As the local temperature 
of the aqueous stabilizing solution is increased above 25°C, 
the vesicles become less rigid and stabilize the drug particles 



more effectively, leading to smaller particles. For a given 
stabilizing solution temperature, the particle size also de- 
creases with an increase in preheater temperature due to 
greater supersaturation in the nozzle and more rapid nuclea- 
tion. High drug loadings in the aqueous suspensions, as high 
as 54 mg/mL, could be achieved with particle sizes of -500 
nm. This concentration is ~10 times the equilibrium solubil- 
ity in the aqueous surfactant solution. For Pluronic F 127 as a 
stabilizer, the particles are stabilized rapidly enough to trap 
the drug in an amorphous state. Long-term stability studies 
of the suspensions stored at 4°C indicate only modest parti- 
cle growth over 1 month. The particle sizes m RESAS are 
much smaller than those produced by RESS as a result of 
the stabilization provided by the surfactant The sizes are 
comparable with those produced by homogenization. 

CONCLUSION 

Phospholipid vesicles mixed with nonionic surfactants stabi- 
lize cyclosporine particles produced by RESAS with mean 
diameters as small as 200 to 300 nm. This size range is sev- 
eral hundred nanometers smaller them produced by RESAS 
for particles stabilized by Tween 80. The high dmg loadings 
in the aqueous suspensions, reaching 50 mg/mL (~10 times 
greater than the equilibrium solubility); the small particle 
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sizes; and the long-term stability make this process attractive 
for development 
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